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ABSTRACT 
The physico-chemical and ecotoxicological characteristics of landfill leachate 
from three operating and four closed landfills of different ages in Hong Kong were studied. 
Nineteen physico-chemical parameters and the total and soluble contents of 15 metals were 
examined. The toxicity of the leachate samples was determined using four organisms, 
including bacterium Vibrio fischeri (Microtox® test), protozoan Spirostomum ambiguum, 
microalga Selenastrum capricornutum (Raphidocelis subcapitata) and microcmstaceans 
Daphnia magna. The major toxicants were studied by means of statistical correlation and 
the toxicity identification evaluation (TIE) procedure. 
All the samples showed the characteristics of methanogenic landfill leachate. 
Leachates from the operating strategic landfills had high concentrations of COD, total 
solids, alkalinity, TKN, NHx-N, CI" and major cations. Site receiving mainly municipal 
solid wastes was found to generate more polluted leachate than that receiving high 
proportion of construction and demolition wastes. The concentrations of most studied 
parameters decreased with increasing age of the sites. 
The leachate samples were highly toxic to all the tested organisms. The EC50 
or LC50 values of 74% samples were below 10%. Leachates from operating sites were 
significantly more toxic than those from the closed ones. S. ambiguum was found to be 
the most sensitive species, followed by S. capricornutum, D. magna, with V. fischeri 
I 
showing the lowest sensitivity towards local leachates. Many chemical parameters were 
found to have a high statistical correlation with the observed toxicity, including COD, 
alkalinity, TKN, NHx-N, CI", Na and K. Simple statistical analysis was found not 
adequate to identify the major toxicants present in the complex leachate. 
V fischeri and S. ambiguum was used in TIE on the leachate from WENT. The 
major toxicants present were identified to be ammonia and non-polar organics. 
Toxicant(s) removable by zeolite treatment other than ammonia was suspected to be 
present that caused toxicity to V fischeri. The use of multi-species in TIE helped 
identification of different toxicants present in leachate. TIE is a good and useful tool to 
find out the major toxicants present in complex toxic effluents such as landfill leachate. 
The high sensitivity of S. ambiguum towards ammoniacal-nitrogen combined with its low 
sensitivity towards nonpolar organics make it a suitable organism for monitoring of 
biological wastewater treatment systems. 
Landfill leachates in Hong Kong were found to contain high concentrations of 
pollutants and toxicity even from sites closed for more than 15 years. Proper treatment is 
needed to minimize the potential environmental impacts for long period after closure, 
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Chapter 1 INTRODUCTION 
1. INTRODUCTION 
1.1 LANDFILLING OF SOLID WASTES 
Solid waste management has been an important task for countries all over the 
world since people started to be aware of the nuisance brought by the improper handling 
and treatment of solid wastes. Various methods have been employed to deal with this 
worldwide problem. Incineration, landfilling and composting are the most conventional 
and widely used methods while recycling is highly advocated and more environmentally 
friendly approach. 
Landfilling is probably the most widely used option for solid wastes. For 
instance, more than 60% of municipal solid wastes (MSW) were landfilled in most 
European countries (OECD, 1991) (Fig. 1.1). It is always referred to as the only method 
Austria 
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Fig. 1.1 Percentage of MSW landfilled in European countries (OECD, 1991). 
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that can deal with all materials in solid wastes. For example, incineration cannot be used 
to handle plastics and some other chemicals wastes due to the generation of toxic 
substances, and there are still residues such as incinerator ashes that need to be landfilled 
after even the most advanced treatment processes. Composting cannot deal with 
non-biodegradable materials. In addition to the high applicability to all kinds of wastes, 
low capital investment for a physical plant, low operation cost for both the process and 
labour are other advantages that led to the extensive use of landfilling for solid waste 
disposal (Pavoni et cd., 1975). 
However, there are also difficulties in the disposal of wastes by landfilling. The 
most obvious one is the availability of a suitable space, which is especially important for 
small cities like Hong Kong. Also, the production of landfill gas and landfill leachate 
cause nuisance to the surrounding environment. If not properly managed, these 
by-products can cause serious environmental impacts to the ecosystem. 
Landfill used to be considered as just a simple disposal of the wastes and required 
no post-closure care. In fact, landfilling of solid wastes should be viewed as a waste 
treatment process instead of a simple disposal method. There is an input (the wastes), 
treatment (wastes decomposition and stabilization) and output (stabilized wastes and 
by-products such as landfill gas and landfill leachate). The whole process requires proper 
management in order to make the option cost-effective and environmentally friendly. 
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1.2 LANDFILLING IN HONG KONG 
Landfilling has been a major part of solid waste management in Hong Kong since 
1950s. After the closure of the Kwai Chung Incinerator in 1997, landfilling has become 
the sole method of MSW disposal in Hong Kong. At present, there are thirteen closed 
landfills and three large strategic operating landfills in Hong Kong (Table 1.1 and Fig. 1.2). 
Table 1.1 Landfills in Hong Kong (modified from EPD, 200la)  
Area Capacity Operation Period Years since 
(ha) (Mt) commission 
Strategic Landfill 
North East New Territories (NENT) 67 35 1995 - present 8 
South East New Territories (SENT) 100 39 1994 - present 9 
West New Territories (WENT) 106 61 1993 - present 10 
Closed Landfill 
Tseung Kwan O Phase II/III 42.0 12.6 1988 - 1994 15 
Jordan Valley 6.5 1.5 1986 - 1990 17 
Pillar Point Valley 53.0 13.0 1983 - 1996 20 
Ma Yau Tong Central 5.6 1.0 1980 - 1986 23 
Ma Yau Tong West 6.6 0.6 1979 - 1981 24 
Tseung Kwan O Phase I 68.0 15.2 1979 - 1995 24 
Sai Tso Wan 14.0 1.6 1977 - 1980 26 
Ma Tso Lung 2.0 0.2 1976 - 1979 27 
Shuen Wan 50.0 14.3 1974 - 1995 29 
Gin Drinkers Bay 29.0 3.5 1960s - 1979 >30 
Siu Lang Shui 12.0 1.2 - 1983 >30 
Ngau Chi Wan 4.3 0.7 - 1977 >30 
Ngau Tarn Mei 2.0 0.03 - 1975 >30 
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Fig. 1.2 The location of the studied sites and the various landfills in Hong Kong 
(modified from EPD, 1998a). 
The three strategic landfills are the only operating facilities for solid waste 
disposal in Hong Kong at present. The landfills have taken the benefit of advancement in 
landfill technology to fulfill the stricter environmental requirements and to provide the 
much needed capacity for waste disposal in Hong Kong. The landfills have been 
designed, constructed, operated and will be restored to meet the most stringent 
requirements by adopting the state-of-the-art technology. 
According to the Environmental Protection Department (EPD) of Hong Kong, 
9,400 tonnes of MSW, 10,202 tonnes of construction and demolition (C&D) wastes and 
1,534 tonnes of special wastes were produced in Hong Kong every day in 2002 and were 
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disposed at the three strategic landfills (EPD, 2002). In the near future, landfilling 
remains the ultimate method of solid waste disposal for Hong Kong. 
1.3 PROBLEMS OF LANDFILL LEACHATE 
Despite the fact that landfilling is an effective method for managing solid wastes, 
it does cause pollution problems. The by-products produced in the landfills have been 
recognized to cause more serious impacts to the environment than the waste itself. 
Among those receiving most concern are landfill gas and landfill leachate. 
The environmental impact caused by landfill leachate has long been recognized. 
It is a very toxic wastewater and has detrimental effects to the aquatic environment. 
Serious water pollution on groundwater, freshwater as well as marine ecosystem has been 
experienced in many countries (Mcbride et al., 1979; Radi et al., 1987; Kaur et al., 1996; 
Mikac et al., 1998; Baun et al., 1999). Moreover, the practice of integrated waste 
management strategy leads to an increase in the amount of hazardous waste to be landfilled. 
Furthermore, more and more landfills, including the three operating strategic landfills in 
Hong Kong, are located on the ground or on a slope where the accumulation of leachate 
can be a negative factor with respect to geotechnical stability. Another problem is the 
long lasting generation of leachate. Leachate problem accompanies the landfill from its 
beginning to many decades after closure. 
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Larger landfills imply greater hazard imposed to the environment. In view of 
this, the three local large strategic landfills are built to high environmental standards to 
control odours, flies, leachate and landfill gas, the latter of which is used as an on-site 
energy source whenever possible. They are now run by private operators under the 
supervision of the EPD. Impervious bottom linings and leachate collection system are 
installed in the three landfills so that leachate is contained, collected and treated in on-site 
treatment plants. 
However, until recently when the restoration program of the local closed landfills 
was implemented, no such facilities are setup in the closed landfills due to the inadequate 
design and measures for controlling pollution problems. The leachates generated from 
the closed landfills were discharged directly to the sea or surrounding sewers, which 
caused serious water pollution problems. This had led to great environmental impact to 
the aquatic ecosystems. With the restoration program, protective cover and leachate 
collection and treatment system are being installed in order to minimize the water input, 
hence leachate generation and pollution to the aquatic environment. 
1.4 GENERATION OF LANDFILL LEACHATE 
Landfill leachate is any liquid that has passed through or emerged from wastes 
buried in landfill and contains suspended, dissolved, or immiscible materials removed from 
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the waste. It is the liquid which has percolated through a mass of solid waste in a landfill 
and by doing so has extracted products of decomposition from the decomposing solids 
waste (ISWA, 1992). Leachate is typically a high strength wastewater consisting of 
soluble organics with high concentrations of inorganic constituents. 
Leachate pollution is the result of a mass transfer process. The mechanisms 
which regulate mass transfer from wastes to leaching water, from which leachate originates, 
can be divided into three categories (Andreottola and Cannas, 1992): 
1) hydrolysis of solid waste and biological degradation, 
2) solubilization of soluble salts contained in the wastes, and 
3) dragging of particulate matter 
After being buried into the ground, the solid wastes are attacked by various 
microorganisms and undergo decomposition. Numerous complex organic and inorganic 
compounds are produced, which then undergo physical, chemical and biological 
transformations. When water percolates through the decomposing waste, it takes up the 
organic and inorganic products of hydrolysis and biological degradation of solid wastes, as 
well as soluble salts and particulate matters in the wastes. 
Many factors can affect the generation of landfill leachate. The most dominant 
one is the water availability in the landfill area. There are several components controlling 
water availability. These include rainfall, presence of surface water, water content of 
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Fig. 1.3 Schematic of the general hydrological balance in a completed landfill (modified 
from Canziani and Cossu, 1989) 
waste disposed, moisture from decomposition, and recirculation of leachate or irrigation of 
final cover (Canziani and Cossu, 1989). Besides water budget, the characteristics of the 
final cover can pose a significant effect on leachate production after the landfill is 
completed. The type of soil and vegetation, presence of impermeable cover material and 
slopes or other topographical characteristics affect the amount of water entering the landfill, 
as well as water loss through processes like evapotranspiration or evaporation. The 
amount of leachate generated during the operation stage of the landfill can be affected by 
the characteristics of dumped waste. The waste density, tipping methods and moisture 
content of the waste when being landfilled may influence the total volume as well as the 
rate of leachate production. The method of reducing the amount of water entering the 
landfill is also a dominant factor that affects the volume of leachate produced. The 
8 
- Chapter 1 INTRODUCTION 
volume of leachate thus generated is the overall balance of these factors which controls the 
amount of water entering the landfill. 
1.5 CHEMICAL PROPERTIES OF LANDFILL LEACHATE 
Understanding the chemical properties of any pollution source is always the very 
beginning step for predicting its possible environmental impact. Landfill leachate is well 
known for its extremely high potential of causing serious threat to our environment. This 
is why there has been continued interest on the chemical characteristics of landfill 
leachates from various dumping sites (Chian and DeWalle, 1976; Johansen and Carlson, 
1976; Harmsen, 1983; Ehrig, 1989; Andreottola and Cannas, 1992; Chu et al., 1994; Fatta 
et al., 1998; Kjeldsen et al., 1998; Kjeldsen and Christophersen, 1999). 
Landfill leachate is a complex polluted wastewater with high concentrations of 
various organic and inorganic pollutants. It is generally characterized by extremely high 
concentrations of biochemical oxygen demand (BOD), chemical oxygen demand (COD), 
total organic carbon (TOC), total and ammoniacal-nitrogen, many anions (e.g. CI" and 
SCV), cations (e.g. Na+ and K+) and heavy metals (e.g. Cd, Cu and Zn). It also contains 
virtually uncountable number of different trace organics. Table 1.2 presented a summary 
of leachate quality based on data from the literature concerning more than 70 MSW 
sanitary landfills in Europe and USA (Ehrig, 1989; Andreottola and Cannas, 1992). 
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Extreme values of many different chemicals are commonly found. 
Besides the general physico-chemical parameters, specific organic compounds 
present in landfill leachate were also the targets of many research studies. Toxic organics 
such as halogenated aliphatics (e.g. chloroform and dichloromethane), aromatic 
hydrocarbons (e.g. benzene, toluene, ethylbenzene and xylene), phenolics and many others 
were found in various studies (Andreottola and Carinas, 1992; Krug and Ham, 1997; Oman, 
1999). However, due to the highly complex nature of landfill leachate, it is difficult and 
impossible to identify all the organics present in landfill leachate, especially those water 
soluble ones. It has been mentioned that as much as 90% of the organic matter in a 
leachate sample is very water soluble and cannot be identified by most conventional 
analyses for specific organic compounds (Lund et al” 1992). New methods for 
characterizing the trace organics in landfill leachate, such as solid phase extraction instead 
of the traditional liquid extraction, has been developed to get more information on the 
identity of the toxic organics present in the complex effluent (Baun et al., 1999; Ledin et 
al., 1999; Baun et al., 2000; Castillo and Barcelo, 2001). 
Information on the chemical nature of landfill leachate is essential to the proper 
design of effective treatment system. Since leachate properties vary greatly among 
landfills of various site characteristics, the design of treatment system for different landfills 
may be different in order to meet the specific properties of leachate from the site. And 
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Table 1.2 Chemical composition of landfill leachate (modified from Ehrig, 
1989; Andreottola and Cannas, 1992.) 
Parameter Average Range  
pH - 5 .3-8 .5 
BOD (mg O2 L-i) — 100- 90000 
COD (mg O2 L"^ ) — 150- 100000 
Alkalinity (mg CaCOs L"^ ) 6700 3 0 0 - 11500 
Hardness (mg CaCOs L]) - 500 - 8900 
NHx-N (mg L-i) 750 30 - 3000 
Organic N(mgL_i) 600 10-4250 
Total N(mg L"^ ) 1250 50-5000 
N03-N(mgL-i) 3 0 . 1 - 5 0 
NO2 -N (mgU^) 0.5 0 - 2 5 
Total P (mg U^) 6 0 . 1 - 3 0 
PO43--P (mg L-i) - 0 . 3 - 2 5 
SO4 (mg U^) - 10-1200 
CI (mg L-^ ) 2100 100-5000 
Phenol (mg U^) — 0 .04-44 
CN (mg L-i) - 0.04 — 90 
Adsorbable organic halogen (|Lig CI L"^ ) 2000 320 - 3500 
Na(mgL-i) 1350 50-4000 
K(mgL-i) 1100 10-2500 
Ca(mgL;i) — 10-2500 
Mg (mgL"^) - 50-1150 
Fe (mg L-i) - 0.4 - 2200 
Mn (mg L]) - 0.4 - 50 
Zn(mgL-i) - 0.05-170 
As (lag L'^) 160 5 - 1600 
Cd(iagL-i) 6 0.5-140 
Co (lag L-i) 55 4 - 950 
Ni (lag L-i) 200 20 - 2050 
Pb(iLigL-i) 90 8 - 1020 
Cr(}igL-i) 300 3 0 - 1600 
Cu(iagL-i) 80 4 - 1400 
Hg Og L'l) 10 0 .2 -50 
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even within the same landfill, leachate properties still vary according to many factors. 
For example, the leachate generated in the first few years after the fill starts operation 
generally contains a much higher concentration of organics, as shown by the high 
concentrations of BOD, COD and TOC, while those generated in the later years always 
have very high concentration of ammoniacal-nitrogen and refractory organics (Andreottola 
and Carinas, 1992). Therefore, we have to know not only the properties of a few leachate 
samples but a long-term characterization, which lasts not just for a few months but for 
years or even decades. 
Measuring the chemical characteristics of landfill leachate also provide us 
information on its potential toxicity. Predicting the toxicity of an effluent from its 
chemical properties is a traditional approach in assessing the environmental impacts of the 
effluent. This method is widely used for decades. Though there is a change in recent 
years that toxicity bioassays are conducted in combination with chemical analysis, the 
latter is still the principal means for regulatory purpose in many countries. 
Many factors can affect the chemical properties of landfill leachate. These 
include 1) the original waste composition, 2) climate, 3) hydrological conditions at the 
landfill site, and 4) the age of the landfill (Cyr et al., 1987). 
One of the most dominant factors common to all landfills is landfill age which 
can reflect the degree of stabilization of the wastes in the landfill. The stabilization 
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process is the major factor affecting the quality of leachate. Little or no leachate is 
produced until the landfill reaches its field capacity (becomes saturated). Because of the 
compaction by machinery, leachate produced prior to saturation will, in general, depend on 
the quantity of water initially present. As the landfill ages under constant water input, it 
passes through a succession of biochemical processes. In general, the stabilization 
process can be divided into 5 phases (Christensen and Kjeldsen, 1989; Andreottola and 
Cannas 1992). 
Phase I is the aerobic degradation of organic substances. This phase is 
characterized by the short duration, due to the high BOD of the solid wastes relative to the 
limited quantity of oxygen present inside a landfill. The only region involved in aerobic 
metabolism is the upper layer where oxygen is trapped in fresh wastes or is supplied by 
rainwater. During this phase, a large amount of heat is produced, raising the landfill 
temperature well above the ambient temperature. No substantial leachate generation will 
take place. 
As oxygen is depleted, anaerobic decomposition takes place in Phase II, during 
which large amounts of volatile fatty acids such as acetic acid, and carbon dioxide, are 
produced. These products of acid-fermentation reduce the pH of leachate to between 4 
and 5. The low pH helps dissolve inorganic materials, which along with the high 
concentrations of volatile acids produce a high ionic strength. The high volatile acid 
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concentrations also contribute to the high strength COD often found during this phase. 
The redox potential is reduced to below 0 mV. The increased concentration of anions and 
cations is due to lixiviation of easily soluble materials including those originally available 
in the waste mass and those made available by degradation of organic substances. Initial 
anaerobic processes are elicited by a population of mixed anaerobic microbes, composed 
of strictly anaerobic bacteria and facultative anaerobic bacteria. The facultative bacteria 
aid in the breakdown of materials and reduce the redox potential so that methanogenic 
bacteria can grow. Leachate from this phase is characterized by high BOD, high 
BOD/COD ratios, acidic pH values and ammonia. Ammonia is produced by the 
hydrolysis and fermentation of proteinaceous compounds in particular. 
Phase III is intermediate anaerobiosis and starts with slow growth of 
methanogenic bacteria. The concentration of volatile fatty acids decreases to a very low 
level as the methanogenic bacteria metabolize them to methane and carbon dioxide. This 
results in an increase in pH and alkalinity of the leachate. Values of BOD, COD and TOC 
decrease. BOD/COD ratio also decreases. Ammonia continues to be released and 
remains at high level since it is not converted to other forms in the anaerobic environment. 
Phase IV is characterized by methanogenic fermentation elicited by 
methanogenic bacteria. The pH range tolerated by methanogenic bacteria is extremely 
limited and ranges from 6 to 8. At this stage, the composition of leachate is characterized 
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by almost neutral pH values, low concentrations of volatile acids, low BOD, low 
BOD/COD ratio and total dissolved solids. Large amount of ammonia continues to be 
released. 
Eventually, in Phase V, the rate of bacterial decomposition may decrease due to 
substrate depletion. Portions of the landfill may re-establish aerobic conditions as 
oxygenated water continues to percolate into the landfill. This second aerobic phase 
appears when only the more refractory organic carbon remained in the landfilled wastes. 
The methane production rate becomes very low that air will start diffusing from the 
atmosphere, giving rise to aerobic zones. Fig. 1.4 showed the variation of different 
chemical components in landfill leachate in the different phases of waste degradation. 
Characterizing the chemical properties of landfill leachate can provide a great 
source of useful information about landfill technology. In combination with other 
information, we can know how the leachate properties vary with different parameters, such 
as waste type, age of fill, site capacity and weather. If we can predict the kind of leachate 
that is going to be generated in a landfill, proper treatment option can be determined easier, 
thus increasing the efficiency of landfill operation. Also, the potential of leachate reuse 
can be greatly enhanced by improving the management practice so as to generate the kind 
of leachate preferred, or produce the leachate that we can maximize the recovery of useful 
nutrients from the wastewater. This is because despite its highly complex nature, leachate 
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Fig. 1A Variation of leachate composition in different phases of waste decomposition 
(Christensen and Kjeldsen, 1989) 
contains a very high concentration of ammonia and organics, as well as major cations like 
potassium, sodium and calcium, which are useful for plant growth. 
1.6 ECOTOXICITY OF LANDFILL LEACHATE 
Landfill leachate has been a well-recognized source of pollution to various 
aquatic environments, due to the high concentration of toxic pollutants present. Most 
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well known are the groundwater, freshwater and coastal environments. This can pose a 
serious threat to the ecosystem and human health if the leachate reaches water sources that 
are consumed by living organisms (Baun et al., 1999), as leachate contains a wide variety 
of toxic compounds. 
The traditional way of assessing the environmental impacts of effluents is mainly 
based on the chemical analysis programme. A series of analysis is performed on the 
whole effluents and the concentrations of pollutants are monitored to see if they are 
causing harm to the environment. Monitoring the chemical properties of landfill leachate 
is a useful tool for studying the environmental impacts by landfill leachate, but this alone is 
not enough for ecological evaluation. 
How organisms respond to the toxic chemicals present in leachate cannot be 
revealed simply from the chemical data because a great variety of compounds are present 
in the complex effluent, and it is difficult, if not impossible, to know the toxicity of every 
individual compound and the possible interactions between them that may alter their 
effects on the organisms. Moreover, chemical analysis can only detect a small percentage 
of the toxic compounds present. Combination of chemical analysis and reference data on 
toxicity of single compounds is also not representative enough because it cannot reflect the 
possible interactions between chemical species present in the complex effluent (Lambolez 
et al., 1994; Baun et al., 1999). Therefore research on the ecotoxicity of landfill leachate 
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allows the recognition of the toxic impact posed by the wastewater. In addition to their 
use in studying the ecological impact, toxicity bioassays may be useful as a tool to 
determine if the effluent is safe to be discharged directly to the environment or the degree 
of treatment needed to remove the harmful effects before discharge. It can be used as a 
sole regulatory instrument for pollution assessment or in combination with chemical 
analysis if the origin of toxicity needs to be known. 
Ecotoxicity studies on landfill leachate emerged from assessing the ecological 
impacts of the effluent since 1970s. McBride et al. (1979) first studied the toxicity of 
landfill leachate on rainbow trout (Salmo gairdneri) and found that it clearly induced a 
stress on the fishes and caused mortality at very low concentration with 96-h LC50 ranging 
from 5.8 to 7.5%. Cameron and Koch (1980) also found that raw natural leachate is 
highly toxic to rainbow trout with a mean 96-h LC50 of 5.6%. Since then, more and 
more reports are published on the toxicity assessment of landfill leachate, which develop 
from simple ecological studies to a management tool to monitor the pollution caused by the 
toxic effluent. The tests used in the studies ranges from using single species (McBride et 
al., 1979; Cameron and Koch, 1980; Wong, 1989; Clement and Bouvet, 1993; Assmuth 
and Penttila, 1995; Magdaleno and De Rosa, 2000) to multi-species (Atwater et al” 1983; 
Plotkin and Ram, 1984; Calleja et al； 1986; Cheung et al., 1993; Devare and Bahadir, 
1994; Ernst et al., 1994; Jean and Fmget, 1994; Lambolez et al., 1994; Clement et al., 
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1996; long, 1996; Baun et al., 1999; Baun et aL, 2000; Rutherford et aL, 2000) in which 
most include species from different trophic levels. Besides general toxicity, the 
genotoxicity of landfill leachate has also been the focus of scientific research (Bessi et aL, 
1992; Schrab et aL, 1993; Lambolez et al., 1994; Helma et al., 1996; Baun et al, 1999; 
Baun et al, 2000; Rutherford et al, 2000). Results from these studies demonstrate the 
high toxicity of landfill leachate to various organisms from different ecosystems and it is 
also shown that leachate can be mutagenic or even carcinogenic. 
Table 1.3 summarizes the results of previous studies on the toxicity of landfill 
leachate to various organisms. Since various kinds of leachate samples (e.g. 
leachate-polluted groundwater, synthetic leachate, organic extract of leachate) have been 
used by different researchers in their studies, only those using raw natural leachate are 
included in the summary. Also, all the bioassays within the same groups of organisms 
used the same end-point (i.e. mortality for fish and crustacean, growth inhibition of algae, 
mortality for protozoa, inhibition on bioluminescence on bacteria and growth inhibition on 
plant). 
Different compounds present in leachate have been proposed to be the toxicant 
responsible for leachate toxicity. McBride et al. (1979) noticed that only ammonia 
exceeded the level of the published LC50 value to rainbow trout in leachate. Plotkin and 
Ram (1984) suggested that ammonia and heavy metals are likely contributing to the 
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Table 1.3 Toxicity of landfill leachate studied using different aquatic organisms. 
Organism Species Duration EC50 or LC50 (%) References 
Fish Salmo gairdneri 96 h 5.8 - 7.5 McBride et al, 1979 
96 h 4.2 - 7.0 Cameron and Koch, 1980 
Oncorhynchus nerka 96 h 3.2 - 56 Atwater et al, 1983 
Pimephales promelas 96 h >55 Plotkin and Ram, 1984 
Sarotherodon mossambicus 96 h 1.4 - 12 Wong, 1989 
Brachydanio rerio 96 h 2 - 4 Tong, 1996 
Crustacean Brachionus calyciflorus 24 h 9.9 - 5 0 . 0 Clement et al, 1996 
Ceriodaphnia dubia 24 h 0.9 — 6.6 Clement a/., 1996 
Daphniapulex 48 h 4.8 - 89 Atwater et al, 1983 
Daphnia magna 48 h 62 - 66 Plotkin and Ram, 1984 
48 h <10 一 >100 Assmuth and Penttila, 1995 
24 h 7.4 - 12.7 Clement et al, 1996 
Moina macrocopa 48 h 15.5 - 19.4 Tong, 1996 
Thamnocephalusplatyurus 24 h 0.5 - 4.0 Clement et al., 1996 
Algae Selenastrum capricornutum 13 d 1 - 10 Plotkin and Ram, 1984 
96 h 48.5 - 99.3 Magdaleno and De Rosa, 2000 
Chlorellapyrenoidosa 96 h 23 - >50 Cheung et al., 1993 
Chlorella vulgaris 96 h 7 - 33 Cheung et al, 1993 
Dunaliella tertiolecta 96 h 20 - >50 Cheung et al, 1993 
Scenedesmus subspicatus 5 d 12.0 - 30.3 Clement et al., 1996 
Scenedesmus sp. 96 h <5 - 21 Cheung et al, 1993 
Protozoa Spirostomum ambiguum 24 h 0.3 - 2.7 Clement et al., 1996 
Bacteria Vibrio fischeri 5 min 14 - 17.5 Plotkin and Ram, 1984 
(formerly known as 30 min 2.3 - 14.5 Clement eM/., 1996 
Photobacterium 5 min 37.2 - >100 Tong, 1996 
phosphoreum) 30 min 1 8 - 3 5 Devare and Bahadir, 1994 
Plant Lemna minor 5 d 4.8 - 15.8 Clement and Bouvet, 1993 
5 d 4.8 - 18.5 Clement et al, 1996 
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toxicity of leachates. Ammoniacal-nitrogen and organic compounds were proposed to be 
the factors governing the toxicity of leachates on microalgae (Cheung et al., 1993). 
Assmuth and Penttila (1995) found that chloride, ammonia and some light metals had 
significant correlation with the toxic effect on daphnids. In a study using duckweed 
Lemna minor, leachate toxicity was explained by conductivity, alkalinity and ammonia 
content (Clement and Bouvet, 1995). Clement et al (1997) suggested that ammonia, 
alkalinity and chemical oxygen demand (COD) were associated with observed toxicity. 
Organics extracted from leachate-polluted groundwater were also found to cause harm on 
Vibrio fischeri and Selenastrum capricornutum (Baun et al., 2000). It is clearly seen that 
landfill leachate is very toxic to a wide variety of organisms in which the source of toxicity 
includes a large variety of chemical compounds. 
1.7 IDENTIFICATION OF LEACHATE TOXICITY 
1.7.1 Problem of identitication of toxicants in landtill leachate 
As demonstrated in many studies, landfill leachate can cause a high toxicity to 
organisms from different trophic levels. It undoubtedly posed a serious threat to the 
environment. In order to deal with the problem, we have to understand what the chemical 
components that caused the toxic effect are. Finding out the cause of toxicity from a 
complex environmental sample like landfill leachate has been a challenge for 
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environmental toxicologists since the field starts to develop. 
It has been noticed that it is very difficult to predict the toxicity of leachates from 
chemical data (Lambolez et al., 1994). Studies have suggested various compounds such 
as ammonia, heavy metals and organic compounds as the chemical components that are 
responsible for leachate toxicity. However, these evidences are derived from the results 
of statistical analysis on the data from chemical analyses and toxicity bioassays. There 
may be still some toxicants not included in the chemical analyses but are toxic to the tested 
organisms and thus being overlooked. Also, some components which highly correlated 
with toxicity may just be indicators of the high strength of leachates but itself non-toxic 
(Assmuth and Penttila, 1995). This can lead to false identification of responsible 
toxicants. Alternative approach of toxicant identification is needed to find out and 
confirm the major toxicants present in landfill leachate. 
1.7.2 Toxicity Identi打cation Evaluation 
Chemical-specific approach is the conventional way for the identification of 
toxicants from environmental samples. In this approach, extensive chemical analyses are 
conducted to find out the concentrations of various chemical components in the samples, 
and then search the literature to see which pollutants are present at concentrations that can 
cause an impact on the environment. If there is no existing data available, then bioassays 
using pure chemicals at the measured concentrations are conducted to see if there is a high 
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correlation between the chemical concentration and toxicity. If a high correlation is found 
between the toxicity and a certain chemical component, then the chemical species is 
suspected to be a major toxicant and become the target of treatment. 
However, several scientists have pointed out the weaknesses of this approach 
(Burkhard and Ankley, 1989; Muna et al., 1995). The method assumes that all toxicants 
can be detected by chemical analyses. Nevertheless, there is no assurance that the 
chemical species responsible for the observed toxicity are noted and measured in the 
analysis programme. There are large number and high diversity of pollutants present in 
complex effluents that is impractical and impossible to analyze all of them. There may 
also be some toxicants that are present at very trace amount that is below the detection 
limit of the instruments but is highly toxic. Besides, the method cannot evaluate the 
interactions between chemical components present in the mixtures. Whether there is 
synergistic, antagonistic or any other matrix effects between the identified chemicals could 
hardly be recognized. Also, toxicity information about some identified toxicants may not 
be present, while at the same time the chemicals are not available commercially and there 
may be a difficulty in generating the toxicity data for statistical analysis. One of the 
major drawbacks is that there is no direct relationship between the toxicants and the results 
of chemical analyses. Even dozens of toxicants were found to be present in the 
environmental samples, they may not be the one responsible for the most serious 
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environmental impacts. Therefore, this approach only suits those situations where the 
chemical composition of the effluents is well defined and toxicity data of the identified 
chemicals are available. 
In 1989, the United States Environmental Protection Agency (USEPA) developed 
a toxicity-based approach for the identification of toxicants which is commonly known as 
toxicity identification evaluation (TIE). This approach utilizes the most relevant and 
sensitive detector, the living organisms, to detect the presence of the toxicant. In this 
method, various manipulation and fractionation techniques are utilized in combination with 
toxicity tests. The toxic components present in the sample are separated from the 
non-toxic ones, and then toxicity is re-evaluated if there is a decrease in the toxicity of the 
mixtures. The physical and chemical nature of the toxicants thus can be determined 
before chemical analysis is conducted and therefore the appropriate technique can be 
selected for detecting and identifying the toxicants. Moreover, this makes the chemical 
analysis much simpler as the analysis of non-toxic components can be left out. After 
fractionation, the number of chemicals present in the sub-sample is much reduced and thus 
the identification of other toxicants is significantly easier. Furthermore, the detection of 
interactions like synergistic and additive effects between the components is possible via 
toxicity tracking. 
The TIE procedure is divided into three phases. Phase I is the toxicity 
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Fig. 1.5 Effluent manipulation scheme in Phase I toxicity characterization (modified from 
Burkhard and Ankley, 1989) 
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characterization (Fig. 1.5). In this phase, seven different manipulations, namely, pH 
adjustment, filtration, aeration, CI8 solid phase extraction, EDTA chelation, oxidant 
reduction and graduated pH adjustment, are conducted to try to characterize the 
physical/chemical nature of the toxicant(s) present in the sample. Therefore, toxicant(s) 
present can be classified into different groups like pH-dependent substances, cationic 
metals, volatiles, nonpolar organics, oxidants and chelatable metals. After the 
physical/chemical nature of the toxicant(s) is known, Phase II can be conducted to identify 
the toxicant(s). 
Toxicity identification analyses are carried out in Phase II. Further separation of 
the toxicant(s) found in Phase I is done in order to identify the individual compound 
present in the group that is responsible for the toxicity. Unlike Phase I procedures, Phase 
II methods will be toxicant-specific. Toxicants such as nonpolar organics, EDTA 
chelatable metals and ammonia can be identified using the various manipulations in Phase 
II. Phase III will start as soon as the toxicant(s) are adequately identified in Phase 11. 
Phase III is the toxicity confirmation procedures. Different approaches are 
available in Phase III for providing the evidence that the toxicant(s) identified is the true 
toxicant(s). The approaches commonly used include species sensitivity approach, spiking 
approach, correlation approach, mass balance approach, deletion approach, symptom 
approach and additional approach. Usually more than one approach is employed in the 
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confirmation steps in order to provide an irrefutable proof for the identification. 
Since its introduction, the TIE method has been applied for the identification of 
toxicants in various environmental samples such as industrial and municipal effluents (Jop 
et aL, 1991; Amato et al., 1992; Ankley and Burkhard, 1992; Bailey et al., 1999; Mount 
and Hockett, 2000), mine effluents (Deanovic et al., 1999), contaminated groundwater 
(Gustavson et al., 2000) and sediment pore water (Ankley et aL, 1990; Schubauer-Bergian 
and Ankley, 1991; Thomas et aL, 2001). Toxicants like ammonia, heavy metals, 
pesticides and surfactants and other organics were successfully identified to be responsible 
for the cause of toxicity in various samples. 
1.8 AIMS OF THESIS 
Landfilling has been the sole method of solid waste disposal in Hong Kong for 
the past and in the near future. A detail study and strict monitoring of the potential 
impacts brought by the generation of the by-products like landfill leachate is absolutely 
needed with utmost importance. In view of the relatively few local studies focused on the 
highly polluting wastewater despite its huge potential impact, the present study attempts to 
make a thorough coverage of the possible environmental impacts caused by landfill 
leachates in Hong Kong. The major objectives are (1) to study the physico-chemical 
characteristics of leachates from landfills of different ages in Hong Kong, (2) to investigate 
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the ecotoxicity of landfill leachates on aquatic organisms from different trophic levels, and 
(3) use TIE approach to identify the major toxicant(s) responsible for leachate toxicity. 
Landfill leachate is a highly complex effluent with their properties affected by 
many factors like the stage of waste stabilization and type of waste dumped. The quality 
of leachate from different landfills can be highly varied despite their similar geographical 
location in a small city like Hong Kong. Therefore, in Chapter 2, the physico-chemical 
properties of leachates from three operating and four closed landfills were studied. The 
results could provide information on the characteristics of leachates in Hong Kong and the 
change in properties with landfill age, which could be useful for designing a proper 
treatment of leachates when the sites enter different stage of waste stabilization. They 
were also used as background information for the explanation of toxicity observed in 
Chapter 3. Seasonal sampling was done to assess the possible variations in leachate 
quality. 
The potential environmental impact of landfill leachate cannot be fully covered 
by physico-chemical characterization in view of the number and complex variety of 
compounds present. Toxicity bioassays provide the most direct way to determine the 
ecotoxicological hazard of leachate. In Chapter 3, the toxicity of leachates from the seven 
landfills of different age was assayed using four aquatic species from different trophic 
levels, including bacterium Vibrio flscheri (Microtox® test), protozoan Spirostomum 
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ambiguum, microalga Selenastrum capricornutum, and microcmstacean Daphnia magna. 
The sensitivity of these organisms for testing leachate toxicity was studied. The toxicity 
of Hong Kong leachates and that of other countries in literature was also compared. The 
source of toxicity in leachate was predicted using the information on the physico-chemical 
properties obtained. 
The identification of the origin of toxicity in complex effluents has been a 
difficult task. It has been shown that it is difficult and unreliable to identify the 
responsible toxicants by means of statistical analysis on the physico-chemical properties 
and toxicity information of the effluents. Therefore, in Chapter 4, an attempt was made 
in applying the TIE procedure possibly for the first time to try to identify the chemical 
component(s) that is/are responsible for leachate toxicity� 
It is hoped that the study can provide more information on the temporal changes 
on the physico-chemical as well as ecotoxicological characteristics of landfill leachates in 
Hong Kong, and also provide some hints on the toxic components that requires the most 
attention for proper treatment in order to reduce any possible pollution caused by this 
wastewater of global importance. 
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2. CHEMICAL CHARACTERIZATION OF LANDFILL 
LEACHATE 
2.1 INTRODUCTION 
Landfilling has been a long used method in Hong Kong to deal with the huge 
amount of solids wastes generated everyday. However, until recent years, little concern 
has been given to the environmental impacts posed by this method of solid waste 
management. By-products like landfill gas and landfill leachate are so highly polluting 
and toxic that can cause detrimental effects on the environment. Among them, landfill 
leachate is probably the most threatening one, due to its highly complex nature, containing 
thousands of pollutants. In order to understand the potential of landfill leachate in 
causing environmental impacts, getting to know its chemical properties is a very beginning 
yet essential step. 
The chemical properties of landfill leachate have been widely studied in many 
countries, but the information cannot be used for predicting the properties and therefore the 
pollution potential of landfill leachates in Hong Kong. This is because the quality of 
landfill leachate is highly variable due to many factors such as waste type，landfill age, 
amount of waste dumped on the site, site management practice, climate and geographical 
characteristics of the site (Johansen and Carlson, 1976; Andreottola and Carinas, 1992). 
Landfill age is apparently a major factor affecting the properties of landfill 
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leachate. The waste stabilization process inside a landfill is a long-term process that can 
be divided into various phases as mentioned before. The properties of leachate from 
different phases of degradation differ to various degrees. Analyzing leachates from 
landfills of different ages can help understand the characteristics of leachates from different 
degradation phases. This is important especially when we compare the properties of 
leachates from landfills of different characteristics. We have to know how the 
degradation process is undergoing inside the landfill, and thus the variation due to age, 
before concluding the kind of wastes dumped in a specific landfill is more polluting than 
the others. This is always being overlooked or not considered by other scientists when 
they conclude landfills receiving specific type of waste is more toxic than other types. 
Characterizing leachate from landfills of different ages may also help understand 
the time frame of the degradation processes inside landfills in Hong Kong. This time 
frame in Hong Kong may be different from those in other countries. It has been reported 
that the time needed for landfills in Hong Kong to enter the methanogenic stage is much 
shorter than those in other countries (Robinson and Luo, 1991). It is useful to know the 
time frame of the degradation process in local landfills, as we can predict when specific 
kinds of pollutants would be dominant in the leachate generated at different stage, and 
therefore prepare the treatment system for appropriate abatement targets. 
Information on the chemical characteristics of leachates also helps understanding 
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the toxicants present in landfill leachates. Toxicity bioassays can provide us information 
on how toxic the effluent is, but not what the toxicants are. In addition, leachate from 
different landfills may contain different toxicants. Chemical characterization combined 
with toxicity bioassays give us valuable information about the nature of chemical species 
that may be responsible for the toxicity of that leachate sample. However, caution has to 
be taken that there may not be any direct relationship between the analyzed chemical 
species and the toxicity of the effluent as the chemical analyses may not include all 
toxicants present. 
Therefore, in this chapter, the chemical characteristics of seven landfills in Hong 
Kong were studied. The chosen landfills included operating and closed landfills of 
different ages. The objectives of the chemical characterization were (1) to examine the 
chemical properties of landfill leachates in Hong Kong, (2) to investigate the variation of 
leachate properties with landfill age (3) to study the seasonal variation of leachate 
properties, (4) to investigate the factors controlling leachate properties and (5) to provide 
information on the potential toxicants present in the leachates. 
It is obviously the best to monitor the change in properties of the leachate from 
the same landfill over a long period of time if we want to study the variation in the 
chemical characteristics of the leachate as the landfill ages. However, due to the 
limitation of time, we can only use the retrospective approach, i.e. to compare the leachate 
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from sites of different ages to get a picture on how the properties changes with time. 
2.2 MATERIALS AND METHODS 
2.2.1 Site description 
Leachate samples were collected from totally seven landfills of different ages, 
with both 3 operating and 4 closed ones. The operating landfills included the three 
strategic landfills, namely West New Territories Landfill (WENT), North East New 
Territories Landfill (NENT) and South East New Territories Landfills (SENT), while the 
closed landfills comprised of Tseung Kwan O Landfill Stage I (TKOI) and Stage II/III 
(TKOII/III), Pillar Point Valley Landfill (PPV) and Ma Yau Tong Central Landfill 
(MYTC). 
WENT (Plate 2.1) is located at Nim Wan, Tuen Mun, which is on the border of 
Deep Bay. It is the largest landfill in Hong Kong with a total area of 110 hectares and an 
estimated capacity of 61 Mm . It started to operate in 19 Nov 1993. It receives wastes 
from five refuse transfer stations, namely, Island East Refuse Transfer Station, Island West 
Refuse Transfer Station, West Kowloon Refuse Transfer Station, North Lantau Refuse 
Transfer Station and Outlying Islands Refuse Transfer Facilities. There are also private 
waste collectors which dispose of wastes on this site. The site is expected to have an 
operation life of 25 years. The landfill is run by Swire SITA Waste Services Ltd. which is 
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responsible for daily management and 30 years of aftercare when the site is completed. 
NENT (Plate 2.1) is located at Wong Mau Hang Shan near Ta Kwu Ling. It is 
the smallest one with a total capacity of 35 M m � and an area of 67 hectares. It was 
commissioned on 1 Jim 1995 and was the last one to start operation among the three. It 
receives wastes from Kowloon Bay Refuse Transfer Station and Sha Tin Refuse Transfer 
Station, as well as a small amount of privately collected wastes. The site contractor is Far 
East Landfill Technology Ltd. The site is expected to have its life end after 16 years. 
SENT (Plate 2.1) is located at Shek Miu Wan, Tseung Kwan O. The capital cost 
($2,353 M) of this landfill is the highest among the three. The total capacity is 39 Mm^ 
(redesigned to 43 Mm;) with an area of 100 hectares. It is produced from a valley and a 
marine bay. About half of the landfill is a natural valley rising at gradients of up to 1 in 2 
from sea level, to a dramatic ridgeline at an elevation of between 120 and 270 metres. 
The other half is a marine bay, extending from the coastline to an island in the bay. The 
sea is up to 11 metres deep, and there is soft marine mud up to 12 metres thick. It was 
commissioned on 26 Sep 1994. Only a very small portion of the wastes dumped on this 
site is publicly collected domestic waste. Most of the wastes are C&D wastes as well as 
privately collected domestic and commercial wastes. The total amount of wastes dumped 
on this fill is the highest among the three. It is also the only licensed landfill in Hong 
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Plate 2.1 West New Territories Landfill (top) (EPD, 2003a), South East New Territories 
Landfill (middle) (EPD, 2003b) and North East New Territories Landfill 








































































































































Chapter 2 CHEMICAL CHARACTERIZATION 
Kong for treating industrial waste and stabilized chemical waste. The site is managed by 
Green Valley Landfill Ltd. The expected lifespan of the fill is 13 years and the contactor 
will provide 30 years of aftercare period. 
Tseung Kwan O (TKO) Landfills (Plate 2.2) are formerly known as Junk Bay 
Landfills. They are actually two individual landfills consisted of three stages. TKOI is 
the older one. It started operation in 1979 and closed in 1989. It was re-opened for 
dumping in 1992 and eventually had its lifespan extended to 1995. It received a total 
volume of 15.2 Mm^ wastes and the area is 68.0 hectares. The site is located by the 
seashore. 
The newer one, TKOII/III was commissioned in 1988. It is a valley fill with a 
capacity of 12.6 Mm and with an area of 42 hectares. It was closed in 1994. It has 
been restored according to the Restoration of Landfills Implementation Programme by 
EPD. Both TKO sites are currently maintained by Swire SITA Wastes Services Ltd. 
PPV (Plate 2.2) is a valley fill. It is located in Tuen Mun, New Territories. It 
was commissioned in 1983 and closed in 1996. The site has an area of 38.0 hectares and 
total capacity of 11.0 Mm . It is the only closed landfill that has not undergone 
restoration. It is scheduled to be restored by early 2004. 
MYTC (Plate 2.2) is a valley landfill located in the eastern part of Kowloon. It 
is a closed landfill which has received about 1.0 Mm� domestic waste between late 1980 
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and 1986. It occupies an area of 10.87 hectares. The site had its restoration completed 
by Hong Kong Landfill Restoration Group in 1998 and is currently under the 30 years 
maintenance period. 
2.2.2 Leachate collection 
Leachate samples were collected in both wet and dry seasons from April 2000 to 
February 2001. Three samples were collected in each season from each site. Samples 
were collected on April, June and August 2000 for the wet season and on December 2000, 
January and February 2001 for the dry season. All the samples collected were the 
influent to the leachate treatment plant except TKOI, where the sample was collected at a 
leachate well on-site. All the samples were mixture of leachates from areas of different 
ages within the landfill. Samples were collected in both glass and polyethylene bottles 
for different analyses as recommended in Standard Methods for the Examination of Water 
and Wastewater by APHA (1995), and stored at 4°C in dark before being used. Analysis 
on the physico-chemical properties of the samples was done as soon as the samples arrived 
at the laboratory. All chemical analyses except that of total and soluble metal contents 
were conducted within two weeks after sample collection. 
2.2.3 Chemical analysis 
All the analysis was conducted according to Standard Methods for the 
Examination of Water and Wastewater (APHA, 1995) (Table 2.1). The pH values of the 
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Table 2.1 Methods used for the chemical analysis of landfill leachate (APHA, 1995). 
Parameter Method code 
Five-day biochemical oxygen demand (BOD5) 5210 B 
Chemical oxygen demand (COD) 5220 C 
Total organic carbon (TOC) 5310B 
Total solids (TS) 2540 B 
Total suspended solids (SS) 2540 D 
Total alkalinity (Alkalinity) 2320 B 
Total Kjeldahl nitrogen (TKN) 4500-Norg C 
Ammoniacal-nitrogen (NHx-N) 4500-NHx G 
Oxidized-nitrogen (NOx-N) 45OO-NO3" F 
Total Kjeldahl phosphorus (TKP) 4500-P E 
Phosphate (P04^ -P) 4500-P E 
Sulphate (SO/“) 4500-S04^- F 
Chloride (CF) 4500-Cr E 
Total phenols 5530 D 
Metals 3111,3113, 3114 or 
3120 as appropriate 
samples were measured using an Orion 920A pH Meter with a Triode pH electrode. 
Dissolved oxygen content was measured by membrane-electrode method using a YSL 
model 58 Dissolved Oxygen Meter. Conductivity and salinity were measured using an 
Orion model 142 Conductivity/Salinity/Temperature Meter. Redox potential (ORP) was 
measured using an Orion 920A pH Meter with an Orion Redox/ORP electrode. Total 
solids were determined by drying a determined volume of sample in a pre-weighed 
porcelain dish at 105°C for at least 2 hours. Total suspended solids were measured by 
filtering a measured volume of sample through a pre-weighed Whatman GF/A glass fiber 
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filter paper. The filter paper was then dried at 105°C for at least 2 hours and reweighed. 
Five-day biochemical oxygen demand (BOD5) was analyzed within 3 hours after 
sample collection. COD was measured by closed reflux-colorimetric method using a 
Hach COD Reactor model 45600 and spectrophotometer model DR/2010. TOC was 
determined by combustion-infrared method using a Shimadzu TOC-5000A total organic 
carbon analyzer. The inorganic nutrients were all determined using colorimetric 
measurements by a Skalar Automated Ion Analyzer, except total Kjeldahl nitrogen (TKN) 
and total Kjeldahl phosphorus (TKP), which were measured by a Lachat QuikChem AE 
automated ion analyzer. Samples for TKN and TKP measurement were digested using 
semi-micro-Kj eldahl digestion followed by salicylate nitroprusside method and ascorbic 
acid method respectively. All the samples used for the determination of soluble 
concentration were filtered through Whatman GF/C glass fiber filter paper to remove 
suspended solids. The methods for analysis of various parameters include total alkalinity 
(Alkalinity) by titrimetric method, ammoniacal-nitrogen (NHx-N) by phenate method, 
oxidized nitrogen (NOx-N) using cadmium reduction method, phosphate (P04^'-P) using 
ascorbic acid method, sulphate (S04^") by methylthymol blue method, chloride (CI") using 
thiocyanate method and total phenols were using direct photometric method. 
The concentrations of total and soluble metals were determined using a Thermo 
Jarrell Ash AtomScan 16 inductively-coupled plasma spectrophotometer. The samples 
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for total metal content measurement were digested using nitric acid digestion. 
2.2.4 Statistical analysis 
Pearson Correlation Analysis was employed to study the variation of 
physico-chemical properties with landfill age. Analysis of variance (ANOVA) was 
carried out to test the difference between the values of the various chemical parameters of 
the leachate samples between different seasons. Tukey's Honestly Significant Difference 
Test was then used to detect if significant difference exists. 
A Principal Component Analysis (PCA) was conducted on the data from 
physico-chemical characterization to test if parameters showed similar variation among the 
sites and if some sites were having similar physico-chemical characteristics. The 
analyses were done using the computer software SPSS version 7.5. 
2.3 RESULTS AND DISCUSSION 
2.3.1 Chemical properties of landfill leachates 
The results of chemical analysis of the samples collected from each site over the 
study period are summarized in Table 2.2. 
All the leachate samples had slightly alkaline pH except that from MYTC, which 


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































— - Chapter 2 CHEMICAL CHARACTERIZATION 
methanogenic phase. This is because the fatty acids produced in the acidogenic phase 
were metabolized by methanogenic bacteria that led to an increase in pH (Andreottola and 
C _ a s , 1992). Also, methanogenic bacteria utilize available nitrogen, affecting bacterial 
growth in a way which favors production of acetate rather than higher acids that ultimately 
raise the pH (Westlake, 1995). Even though the three strategic landfills are still operating, 
wastes have been dumped in the sites for at least five years at the time of collection for the 
present study. Different parts of the landfills were under different stage of waste 
stabilization, thus both aerobic phase, acidogenic phase and methanogenic phase of waste 
decomposition exist in different parts of the site. Since the sample collected is a mixture 
of the leachate from the whole site, the portion from acidogenic phase may not be 
significant enough to exert an effect on the overall pH of the leachate and therefore could 
not be reflected in the chemical properties. The pH was slightly higher in the three 
operating landfills than the closed landfills. This may be attributed to the high level of 
methanogenic activity within the site and the extremely high alkalinity of the leachates of 
the operating landfills. 
The DO content was low, as the samples were from the inside of the landfills, 
where anaerobic condition prevailed. The DO was lowest in WENT sample, followed by 
NENT and SENT leachates. This can be explained by the high BOD values in these 
leachates compared with those in the samples from the closed landfills. The large amount 
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of organic compounds in the young landfill consumed substantial amount of oxygen, 
making the landfill anaerobic. The DO in PPV sample was higher than that in MYTC 
and TKOI leachates despite a higher BOD. This may be attributed to different flow 
conditions of the leachate from the landfill to the collection point that may increase the 
dissolution of oxygen into the sample. 
The conductivity and salinity were high, indicating a high concentration of ions 
and salts present in the leachates. This is common for leachates as large amount of 
inorganic compounds from the buried wastes dissolved in the infiltrating liquid and 
contributed to the high ionic strength. The values from the three strategic landfills were 
much higher than the closed sites as fresh wastes are continuously being disposed in the 
sites. A relatively lower value was observed in the samples from SENT Landfill than 
WENT and NENT despite a higher amount of waste intake by SENT. This may be 
explained by the high proportion of C&D wastes being dumped in SENT Landfill (Table 
2.3). About 70% of the wastes disposed at SENT Landfill were C&D wastes, while 70% 
of wastes dumped in WENT and NENT Landfill were MSW. The high percentage of 
MSW, which contain much more salts and readily soluble ions than C&D wastes, 
contributed to the higher conductivity and salinity. 
A clear trend is observed in the ORP values, which ranged from a highly negative 





























































































































































































































































































































































































































































































































































— - Chapter 2 CHEMICAL CHARACTERIZATION 
closed landfills TKOII/III and PPV, and more positive values in the oldest MYTC and 
TKOI landfills. This is easily understood as the high biological activity inside the 
operating sites created a highly anaerobic environment compared with the closed sites, as 
the concentration of readily oxidizable organics present in the leachate from operating 
landfills are much higher than the closed landfills. 
A large difference was observed in all the organic indicators, including BOD, 
COD and TOC between the landfills. The BOD ranged from as low as 30 mg L] in 
TKOI and MYTC to IJOO mg L.i in WENT. It is not surprising to see such a low value 
in the closed sites, but the values observed in NENT and SENT was not common in view 
of their young age and the high amount of waste dumped when compared with landfills of 
similar age in other countries. However, this is normal for landfills in Hong Kong as 
previous studies have predicted that the BOD in NENT and SENT would dropped to 500 
mg L-i and below 1,000 mg L] respectively after the first few years of operation 
(Robinson and Luo, 1990; Robinson et al,, 1995). The low BOD5 concentration in 
leachates from the closed sites indicates the buried wastes were rather stabilized and not 
easily biodegradable. 
The COD of the operating sites were at least about ten times that of the closed 
sites except TKOII/III. The mean values ranged from below 200 mg L ] in TKOI and 
MYTC to about 7,000 mg in WENT. Similar trend was seen in the concentration of 
48 
— - Chapter 2 CHEMICAL CHARACTERIZATION 
TOC in the samples. A large range from below 5 mg L"^  to as high as almost 2,000 mg 
L-i was found in the closed and operating sites respectively. These great differences 
clearly demonstrate the effect of age on the pollution potential of landfill leachates. A 
gradual reduction of pollutants present in the leachate occurs as the site ages. The case 
happens especially fast in Hong Kong, which is caused by the rapid transition to 
methanogenic phase in local landfills (Robinson and Luo, 1991; Chu et al., 1994; 
Robinson et al, 1995; Lo, 1996). 
Both the concentrations of total solids and total suspended solids were found to 
be higher in operating sites and decreased in older landfills. Large amount of 
decomposing wastes dissolved into the infiltrating liquid that resulted in the high values 
observed. The difference in total solids between operating and closed sites is much larger 
than that for the total suspended solids, which implies the greater amount of dissolved 
pollutants present in the samples from the operating sites. 
The total alkalinity was found to be high in all the studied samples ranging from 
1,200 mg L.i in TKOI to over 15,000 mg L"^  in WENT. This high value provides a high 
buffering capacity against pH changes for the leachates, and also reduces the solubility of 
metals in forming insoluble salts with the metal ions. It also affects the state of 
pH-affected compounds such as ammonia, which exists as ammonium ion at low acidic pH 
in higher proportion. 
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High concentrations of total nitrogen were observed in the leachate samples, with 
mean values of 219 mg L"^  in TKOI samples to 4130 mg L ] in WENT samples. About 
90o/o of the total nitrogen was contributed by NHx-N (179 mg L'^  in TKOI samples to 3710 
mg L.i in WENT samples) in all the samples, which had also been observed in other 
studies (e.g. Lema et al., 1988). Even though the concentration was relatively much 
lower in the closed sites, the values still exceeds the maximum limit of total nitrogen 
allowed for effluent discharge to wastewater treatment facilities in Hong Kong (200 mg 
L.i). This is not surprising as previous studies have found that ammonia level remains 
high for a long period of time (Hartmann and Hoffmann, 1990; Chu et al., 1994). Similar 
to the trend in conductivity and salinity, the concentration of ammonia found in the SENT 
samples was much lower than those in the WENT and NENT samples. This again can be 
explained by the much less amount of MSW dumped in SENT Landfill compared with the 
other two. The main source of NHx-N was the biodegradation of nitrogen-containing 
organics like proteins and amino-acids (Fatta et al., 1998), which is more likely to be found 
in MSW than C&D and industrial wastes. 
The concentrations of phosphorus were relatively low compared with other 
pollutants. Even in the leachate from the NENT Landfill, which was the highest, the 
value was still lower than 30 mg L'^  for both total phosphorus and phosphate. This low 
value is a characteristic of landfill leachate (Ehrig, 1989; Tong，1996). Such a low 
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concentration of phosphorus in leachate made it difficult for leachate to undergo efficient 
biological treatment unless external source of phosphorus is added (Tong, 1996). 
Similar to other parameters, a wide range was found in sulphate and chloride 
contents in the leachate. The sulphate and chloride contents ranged from below 10 mg L ] 
and 90 mg L'^L in MYTC to 493 mg L] and 3,330 mg L"^  in WENT sample respectively. 
The concentrations of sulphate and chloride found in TKOI samples were exceptionally 
high when compared with other pollutants. This is probably due to the contribution from 
the extended deposition period in TKOI. Since sulphate and chloride were highly soluble 
in water and not taken up by organisms or adsorbed by organic complexes, those from the 
second batch of wastes were not retained by the older wastes buried underneath, which was 
the case for other pollutants. 
The concentrations of the major cations, namely sodium, potassium, calcium and 
magnesium were high in all the samples. These common components in MSW are 
readily dissolved in water. The levels of soluble calcium were about the same or even 
higher in the closed landfills than the operating ones. This may be explained by the 
higher pH and total alkalinity in leachates from the operating sites in which the solubility 
of calcium compounds is lower. 
The amounts of toxic heavy metals were rather low even in the leachates from the 
operating landfills. This is in agreement with previous studies on Hong Kong leachates 
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(Chu et al., 1994; Tong, 1996). This can be explained by several factors. One of the 
main factors is the high pH and alkalinity level observed in all the leachate samples. It 
has been reported that the conversion of fatty acids causes an increase in pH values and 
alkalinity with consequently reduced the solubility of calcium, iron, manganese and heavy 
metals (Andreottola and Cannas, 1992; Chu et al., 1994). Moreover, metal hydroxide 
precipitates form at or above neutral pH which is typically the case for methanogenic 
leachates as observed in this study. Metal solubility is also influenced by the 
oxidation-reduction potential. As the ORP decreases, the solubility of some metals 
decreases. This may explain the low concentration of heavy metals found in the samples 
from the operating sites, which has a very low ORP, despite a younger age and more fresh 
waste deposition. The low metal content may also be due to the small amount of 
metal-containing industrial waste compared with municipal waste being deposited. This 
combined with the high volume of water input (dilution effect) led to a low concentration 
of metals in the leachate generated. 
Comparing the concentration of pollutants found in samples from different sites, 
we found a high value in almost all the measured parameters in those from the three 
strategic landfills. Samples from WENT was considered to be the most polluting one 
among the seven leachate samples. The leachates had the lowest DO, highest value in 
conductivity, salinity, BOD5, COD, TOC, TS, SS, alkalinity, TKN, NHx-N, SO42-, CI" and 
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total phenols. The leachate was exceptionally high in the concentrations of organics, even 
when compared with other leachates from operating landfills. Its BOD5 was two to three 
times as high as that of the NENT landfill, which was the second-highest while COD and 
TOC were about double. The concentrations of most other parameters were also the 
highest, with the exception of SS, NO^-N, TKP, PCV.-P and a few metal species. This 
may be attributed to the higher amount of MSW dumped to WENT than the other two sites. 
In 1997-2002, more than 4000 tonnes of MSW in average was disposed in WENT 
everyday (Table 2.3). The amounts were only about 2,500 tpd and 2,300 tpd for NENT 
and SENT landfill respectively. The extra 2000 tpd certainly contributed to the higher 
concentrations of pollutants observed in WENT. It has been found that the amount of 
waste deposited in a landfill has more influence on the leachate quality than other landfill 
characteristics such as precipitation and temperature (Flyhammar, 1995). 
SENT had the lowest value in most of the parameters among the three despite the 
highest total amount of daily waste input. It is probably due to the high proportion of 
C&D wastes being disposed in the site than the other two as mentioned before. It can be 
concluded that MSW contribute more pollutant than the less-readily biodegradable C&D 
wastes. 
2.3.2 Variation of chemical properties with different ages 
As stated above, one of the most important factors controlling the chemical 
53 
— - Chapter 2 CHEMICAL CHARACTERIZATION 
properties of leachate is the landfill age. Although there was no clear variation in certain 
physico-chemical properties such as pH between the samples from different sites, a clear 
trend was observed in most other parameters. In most of them, the concentrations were 
higher in the leachate from the operating landfills, and decreased as the landfill age 
increased, with TKOII/III and PPV samples having intermediate concentrations, and 
MYTC and TKOI samples containing the lowest concentrations. 
A Pearson Correlation Analysis was conducted to detect if significant correlation 
exists between the age of landfill and the chemical data in order to understand how the 
physico-chemical properties of leachate were affected by the age of landfill, thus the 
degree of waste stabilization,. The results are presented in Table. 2.4. 
High correlation was found among most of the measured parameters with the 
landfill age. In most of the case, the correlation coefficient has a negative value, meaning 
the concentration of the pollutant decreases as the landfill age increases. Parameters that 
correlated positively with age such as DO, ORP and NOx-N had their value increased as 
the landfill age increased. This is normal as those parameters will have a higher value 
when the anaerobic decomposition activities slowed down and thus consuming less oxygen 
brought into the landfill by the rainwater. The only exception is the concentration of 
manganese. The mean concentration was much higher in the closed landfills than the 
operating sites. It is unknown why such a trend is observed. One possibility is due to 
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Table 2.4 Pearson Correlation Analysis between landfill age and chemical properties. 
Pearson Correlation coefficient 
Total metals Soluble metals 
pH -0.751 Na - 0.898** Na -0.940** 
DO 0.909** K - 0.905** K -0.933** 
Conductivity -0.912** Ca 0.631 Ca 0.627 
Salinity -0.910** Mg - 0.607 Mg _ 0.622 
ORP 0.788* Al - 0.584 Al - 0.685 
BOD5 - 0.642 As - 0.864* As -0.818* 
COD - 0.808* Cd -0.351 Cd — 
TOC -0.770* Cr - 0.853* Cr -0.683 
TS -0.880** Co - 0.903** Co . 0.892** 
SS - 0.496 Cu 0.095 Cu 0.554 
Alkalinity -0.917** Fe 0.595 Fe -0.881** 
TKN - 0 .889" Mn 0.904** Mn 0.729 
NHx-N -0.878** Ni _ 0.912** Ni - 0 . 9 0 7 " 
NOx-N 0.916** Pb -0.617 Pb -0.599 
TKP - 0.794* Zn -0.791* Zn -0.783* 
PO43--P - 0.794* 
SO42- - 0.884** 
c r - 0.866* 
Total phenols - 0.586 
**;?<0.01; * p<0.05; — cannot be calculated due to zero value of parameter. 
the different waste type buried in the landfill. Higher amount of industrial wastes may be 
deposited in the older landfills as the industrial activities in Hong Kong have diminished 
since the 1990s. Only pH, BOD, SS, total phenols and some metal content do not have a 
significant correlation with landfill age. This shows that the physico-chemical properties 
are highly dependent on the age of the sites, which in turn implied the degree of waste 
stabilization inside the landfill. 
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2.3.3 Variation of chemical properties with different seasons 
In order to find out if there was any difference in the properties of leachate in wet 
and dry seasons, two-way analysis of variance (ANOVA) was employed to detect if 
significant variation exists. Tukey's Honestly Significant Difference Test was employed 
as the post-hoc test for multiple comparisons. 
The mean values of the measured chemical parameters were plotted in Fig. 2.1 -
2.49. Table 2.5 showed the levels of significance of the seasonal difference in chemical 
properties of leachates from individual sites. Seasonal difference of the various chemical 
parameters was not significant in most of the studied sites, except in WENT. The lack of 
variation is especially apparent in the closed landfills. Only 13 out of 196 measurements 
(i.e. less than 7%) in the closed landfills showed a significant seasonal difference, while 53 
out of 147 measurements (i.e. 36%) in the operating strategic landfills were found to have 
a significant seasonal variation. 
A possible explanation is related to the high stability of wastes in the closed 
landfills. Two factors that vary most in different seasons are rainfall and temperature. 
Since biological activity is temperature-dependent, the rate of waste biodegradation should 
be higher in summer and lower in winter. In closed sites, the degradation of stabilized 
wastes is much more slower than that of fresh wastes in operating landfills and thus the 
biological activity plays an important role in the amount of degradation products being 
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Fig. 2.1 Seasonal variation of pH value of the leachates from the 
seven landfills (solid bar: wet season, empty bar: dry season). 
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Fig. 2.2 Seasonal variation of dissolved oxygen of the leachates from the 
seven landfills (solid bar: wet season, empty bar: dry season). 
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Fig. 2,3 Seasonal variation of conductivity of the leachates from the 
seven landfills (solid bar: wet season, empty bar: dry season). 
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Fig. 2.4 Seasonal variation of salinity of the leachates from the 
seven landfills (solid bar: wet season, empty bar: dry season). 
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Fig. 2.5 Seasonal variation of redox potential of the leachates from the 
seven landfills (solid bar: wet season, empty bar: dry season). 
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Fig. 2.6 Seasonal variation of 5-day biochemical oxygen demand of the leachates 
from the seven landfills (solid bar: wet season, empty bar: dry season). 
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Fig. 2.7 Seasonal variation of chemical oxygen demand of the leachates from 
the seven landfills (solid bar: wet season, empty bar: dry season). 
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Fig. 2.8 Seasonal variation of total organic carbon of the leachates from 
the seven landfills (solid bar: wet season, empty bar: diy season). 
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Fig. 2.9 Seasonal variation of total solids of the leachates from the 








1000 - • 
500 - • 
0 J — r ^ • r ^ ^ ^ — — ^ 
WENT NENT SENT TKOII/III PPV MYTC TKOI 
Fig. 2.10 Seasonal variation of total suspended solids of the leachates from 
the seven landfills (solid bar: wet season, empty bar: dry season). 
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Fig. 2.11 Seasonal variation of total alkalinity of the leachates from the 
seven landfills (solid bar: wet season, empty bar: dry season). 
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Fig. 2.12 Seasonal variation of total Kjeldahl nitrogen of the leachates from 
the seven landfills (solid bar: wet season, empty bar: diy season). 
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Fig. 2.13 Seasonal variation of ammoniacal-nitrogen of the leachates from 
the seven landfills (solid bar: wet season, empty bar: dry season). 
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Fig. 2.14 Seasonal variation of oxidized-nitrogen of the leachates from 
the seven landfills (solid bar: wet season, empty bar: dry season). 63 
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Fig. 2.15 Seasonal variation of total phosphorus of the leachates from the 
seven landfills (solid bar: wet season, empty bar: dry season). 
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Fig. 2.16 Seasonal variation of phosphate-phosphorus of the leachates from 
the seven landfills (solid bar: wet season, empty bar: dry season). 
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Fig. 2.17 Seasonal variation of sulphate of the leachates from the seven 
landfills (solid bar: wet season, empty bar: dry season). 
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Fig. 2.18 Seasonal variation of chloride of the leachates from the seven 
landfills (solid bar: wet season, empty bar: dry season). 
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Fig. 2.19 Seasonal variation of total phenols of the leachates from the 
seven landfills (solid bar: wet season, empty bar: dry season). 
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Fig. 2.20 Seasonal variation of total sodium of the leachates from the 
seven landfills (solid bar: wet season, empty bar: dry season). 
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Fig. 2.21 Seasonal variation of soluble sodium of the leachates from the 
seven landfills (solid bar: wet season, empty bar: dry season). 67 
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Fig. 2.22 Seasonal variation of total potassium of the leachates from the 
seven landfills (solid bar: wet season, empty bar: dry season). 
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Fig. 2.23 Seasonal variation of soluble potassium of the leachates from the 
seven landfills (solid bar: wet season, empty bar: dry season). 
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Fig. 2.24 Seasonal variation of total calcium of the leachates from the 
seven landfills (solid bar: wet season, empty bar: dry season). 
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Fig. 2.25 Seasonal variation of soluble calcium of the leachates from the 
seven landfills (solid bar: wet season, empty bar: dry season). 69 
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Fig. 2.26 Seasonal variation of total magnesium of the leachates from the 
seven landfills (solid bar: wet season, empty bar: dry season). 
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Fig. 2.27 Seasonal variation of soluble magnesium of the leachates from the 
seven landfills (solid bar: wet season, empty bar: dry season). 
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Fig. 2.28 Seasonal variation of total aluminium of the leachates from the 
seven landfills (solid bar: wet season, empty bar: dry season). 
0.7 -1 
0.6 -
广'5 _ M X I I 
•�4 in 11 
l_Lin』I 
WENT NENT SENT TKOII/III PPV MYTC TKOI 
Fig. 2.29 Seasonal variation of soluble aluminium of the leachates from the seven landfills (solid bar: wet season, empty bar: dry season). 
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Fig. 2.30 Seasonal variation of total arsenic of the leachates from the 
seven landfills (solid bar: wet season, empty bar: dry season). 
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Fig. 2.31 Seasonal variation of soluble arsenic of the leachates from the 
seven landfills (solid bar: wet season, empty bar: dry season). 
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Fig. 2.32 Seasonal variation of total cadmium of the leachates from the 
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Fig. 2.33 Seasonal variation of soluble cadmium of the leachates from the 
seven landfills (solid bar: wet season, empty bar: dry season). 
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Fig. 2.34 Seasonal variation of total chromium of the leachates from the 
seven landfills (solid bar: wet season, empty bar: dry season). 
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Fig. 2.35 Seasonal variation of soluble chromium of the leachates from the 
seven landfills (solid bar: wet season, empty bar: dry season). 74 
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Fig. 2.36 Seasonal variation of total cobalt of the leachates from the 
seven landfills (solid bar: wet season, empty bar: dry season). 
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Fig. 2.37 Seasonal variation of soluble cobalt of the leachates from the 
seven landfills (solid bar: wet season, empty bar: dry season). 
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Fig. 2.38 Seasonal variation of total copper of the leachates from the 
seven landfills (solid bar: wet season, empty bar: dry season). 




5 0.10 - 丁 
IS 
0.05 -
0.00 — 1  
WENT NENT SENT TKOII/III PPV MYTC TKOI 
Fig. 2.39 Seasonal variation of soluble copper of the leachates from the 
seven landfills (solid bar: wet season, empty bar: dry season). 
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Fig. 2.40 Seasonal variation of total iron of the leachates from the seven 
landfills (solid bar: wet season, empty bar: dry season). 
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Fig. 2.41 Seasonal variation of soluble iron of the leachates from the seven 
landfills (solid bar: wet season, empty bar: dry season). 
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Fig. 2.42 Seasonal variation of total manganese of the leachates from the 
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Fig. 2.43 Seasonal variation of soluble manganese of the leachates from the 
seven landfills (solid bar: wet season, empty bar: dry season). 
78 
— - Chapter 2 CHEMICAL CHARACTERIZATION 
0.40 -1 
0.35 - r ^ T 
0.30 - J 
-二 0.25 - y 丄 
g II I M 
r � I 11 I 
I I I 
0.00 1一~1一_ft一_in i n i i _ _ 
WENT NENT SENT TKOII/III PPV MYTC TKOI 
Fig. 2.44 Seasonal variation of total nickel of the leachates from the seven 
landfills (solid bar: wet season, empty bar: dry season). 
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Fig. 2.45 Seasonal variation of soluble nickel of the leachates from the seven 
landfills (solid bar: wet season, empty bar: dry season). 
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Fig. 2.46 Seasonal variation of total lead of the leachates from the seven 
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Fig. 2.47 Seasonal variation of soluble lead of the leachates from the seven 
landfills (solid bar: wet season, empty bar: dry season). 
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Fig. 2.48 Seasonal variation of total zinc of the leachates from the seven 
landfills (solid bar: wet season, empty bar: dry season). 
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Fig. 2.49 Seasonal variation of soluble zinc of the leachates from the seven 
landfills (solid bar: wet season, empty bar: dry season). 
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Table 2.5 Level of significant difference of the variation of chemical properties of  
leachate between wet and dry seasons. 
WENT NENT SENT TKOII/III PPV MYTC TKOI 
pH * ** NS NS *** NS NS 
DO NS NS NS NS NS NS * 
Conductivity *** *** ** NS NS NS NS 
Salinity *** *** * NS NS NS NS 
ORP 氺 本 氺 氺 氺 氺 本水氺 氺氺 水华氺 
BOD NS * NS NS NS NS NS 
COD * NS NS NS NS NS NS 
TOC NS NS NS NS NS NS NS 
TS ** NS NS NS NS NS NS 
SS NS NS NS NS NS NS NS 
Alkalinity *** NS NS NS NS NS NS 
TKN ** NS NS NS NS NS NS 
NHX-N *** * * NS NS NS NS 
NOx-N NS NS NS NS * NS ** 
TKP NS NS NS NS NS NS NS 
PO43--P * ** NS NS NS NS NS 
S04^- *** * ** NS NS NS NS 
Cr *** NS NS NS NS NS NS 
Total phenols ** NS NS NS NS NS NS 
***;?<0.001; **j9<0.01; *j9<0.05;NS:Not significant. 
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Table 2.5 (confd) 
WENT NENT SENT TKOII/III PPV MYTC TKOI 
Total metals 
Na ** NS NS NS NS NS ** 
K *** NS NS NS NS NS 
Ca NS NS NS NS NS NS NS 
Mg NS NS ** NS NS NS * 
Al NS NS * NS NS NS NS 
As ** * NS NS NS NS NS 
Cd *** NS NS NS NS NS NS 
Cr *** NS NS NS NS NS NS 
Co ** *** NS NS NS NS NS 
Cu NS NS NS NS NS NS NS 
Fe NS NS NS NS NS NS NS 
Mn NS NS NS NS NS NS NS 
Ni *** ** NS NS NS NS NS 
Pb NS NS NS NS NS NS NS 
Zn *** NS NS NS NS NS NS 
Soluble metals 
Na NS NS NS NS NS NS NS 
K NS NS NS NS NS NS 
Ca NS NS NS NS NS NS * 
Mg NS NS *** NS NS NS NS 
Al NS NS *** NS NS NS NS 
As * * * NS NS NS NS 
Cd NS NS NS NS NS NS NS 
Cr * NS NS NS NS NS NS 
Co ** * NS NS NS NS NS 
Cu NS NS NS NS NS NS * 
Fe NS NS NS NS NS NS NS 
Mn NS NS NS NS NS NS * 
Ni ** * NS NS NS NS NS 
Pb *** ** NS NS NS NS NS 
Zn *** NS NS NS NS NS NS 
***/?<0.001; **;?<0.01; *p<0.05;NS:Not significant. ‘ 
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generated. This results in a relatively higher amount of degradation products to be picked 
up by the percolating water in closed sites during summer time and lower amount in the 
winter. Since the concentration of pollutants in leachate is dependent on both the amount 
of degradation products and volume of infiltrating water, the higher level of rainfall in 
summer and lower in winter just balanced out the change in quantity of pollutants 
generated. Thus the seasonal change in the concentrations of pollutants is not significant. 
However, in operating landfills, fresh wastes are deposited daily on the sites such that the 
readily biodegradable wastes allow a high biological activity to continue despite a drop in 
temperature during winter time. Moreover, the amount of readily dissolved pollutants is 
rather constant under the ‘daily-refill，condition. Therefore, combined with the lower 
rainfall during winter months, a net increase in the concentration of pollutants was found in 
the leachates generated in the winter months and a significant seasonal fluctuation is 
observed (Table 2.6.). 
Among the chemical parameters, only the oxidation-reduction potential was 
found to have a significant seasonal variation in all the studied landfills. However, if we 
just focused on the operating landfills, parameters including conductivity, salinity, 
ammonia and sulphate were found to have seasonal variation on all the three sites. 
Though not statistically significant on all three sites, the difference in total alkalinity, total 
nitrogen, phosphate and chloride were also quite obvious. All these parameters are 
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Table 2.6 Seasonal factors affecting the chemical properties of leachates in closed and  
operating landfills. 
Summer Winter 
Landfills Condition Pollutant Condition Pollutant Seasonal 
Concentration Concentration variation 
Closed High activity Normal Low activity Normal Absent 
+ + 
High rainfall Low rainfall 
Operating High activity Normal High activity Higher Present 
+ + 
High rainfall Low rainfall 
inorganic pollutants, which are more likely to be affected by the volume of infiltrating 
water, which is mainly rainfall. Therefore the effect of seasonal changes may be more 
significant for inorganic pollutants. 
2.3.4 Principal Component Analysis 
Principal Component Analysis was conducted to examine if there were leachates 
with similar chemical characteristics and if physico-chemical parameters showed similar 
variation in different leachate samples. The links between variables leads to a reduction 
of the number of variables, which are then called principal components. The eigenvalues 
of the extracted components were shown in Table 2.7. Only the first three components, 
which explained >90% of the variance, are discussed. The correlations coefficients of 
individual physico-chemical parameters to the extracted components are summarized in 
Table 2.8. The factorial maps of the discussed components are represented in Fig. 2.25. 
A large portion of the studied physico-chemical properties had a highly positive 
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correlation with the first axis (Table 2.8). Parameters with a correlation coefficient 
>±0.900 include DO, conductivity, salinity，ORP, BOD, COD, TOC, TS, alkalinity, TKN, 
NHx-N, SO4 c r , total and soluble Na, K, As, Cr, Co, Ni and Zn and soluble Al. All 
these parameters were affected by landfill age, either increased or decreased as the landfill 
age increased. The second axis was associated with the total and soluble Ca, Cu and Mn. 
The variation in the third axis is mainly due to the concentration of SS. 
The first component distinguished the general pollutant concentration of the 
seven leachates. Leachates from the three young operating sites, which contained a high 
concentration in most of the measured parameters, were located at the positive side of the 
F1 axis, while leachates from the old closed landfills were all located at the negative side. 
The older the landfill, the more negative was its position along the first axis. It can be 
Table 2.7 Eigenvalues of extracted components in PC A. 
Initial Eigenvalues 
Component Total % of variance Cumulative % 
'1 ^ ^ ^ 
2 5.50 11.7 87.1 
3 2.32 4.93 92.0 
4 1.90 4.05 96.1 
5 1.12 2.38 98.4 
6 0.73 1.55 100 
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Table 2.8 Correlation coefficients of the physico-chemical parameters with the first three 
extracted components in the PCA. 
Components 
1 2 3 
pH 0.632 -0.369 -0.560 
DO -0.909 0.156 0.039 
Conductivity 0.996 -0.029 0.040 
Salinity 0.998 -0.025 0.031 
ORP -0.942 0.060 0.085 
BOD 0.907 0.151 0.209 
COD 0.983 0.053 0.078 
TOC 0.968 0.096 0.046 
TS 0.986 0.066 -0.134 
SS 0.390 -0.113 -0.710 
Alkalinity 0.987 -0.091 0.097 
TKN 0.983 -0.052 0.157 
NHx-N 0.982 -0.032 0.169 
NOx-N -0.803 0.324 0.084 
TKP 0.888 0.049 0.326 
P04^-P 0.882 0.066 0.321 
SCV- 0.971 0.120 0.013 
cr 0.975 0.157 -0.116 
Total phenols 0.860 0.132 0.110 
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Continue Table 2.8 (confd) 
Components 
1 2 3 — 
Total metals 
Na 0.948 0.066 -0.296 
K 0.999 -0.019 -0.021 
Ca -0.385 0.888 0.218 
Mg 0.875 0.443 -0.088 
Al 0.844 0.491 -0.151 
As 0.935 -0.068 0.069 
Cr 0.985 0.066 0.052 
Co 0.963 0.017 0.046 
Cu 0.037 0.858 -0.404 
Fe -0.513 0.050 0.609 
Mn -0.789 0.587 0.122 
Ni 0.986 -0.012 -0.079 
Pb 0.890 0.421 -0.008 
Zn 0.945 0.170 0.189 
Soluble metals 
Na 0.953 -0.047 -0.270 
K 0.995 -0.065 -0.011 
Ca -0.483 0.820 0.042 
Mg 0.881 0.381 -0.129 
Al 0.902 0.326 -0.203 
As 0.921 -0.020 0.133 
Cr 0.933 0.170 0.207 
Co 0.936 0.015 0.102 
Cu -0.384 0.867 -0.224 
Fe 0.701 -0.388 0.081 
Mn -0.579 0.796 -0.011 
Ni 0.983 -0.003 -0.056 
Pb 0.886 0.217 0.127 
Zn 0.929 0.153 0.260 
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Fig. 2.50 Factorial maps of the elements (leachates) in F1 x F2 (top) and Fix F3 (bottom) 
planes of the PCA performed on the physico-chemical characteristics of the 
seven landfills. 
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said most of the pollutant concentration is controlled by landfill age, as many of the factors 
affecting leachate properties, such as waste type and climate, are similar at the seven sites. 
TKOI occupied a very positive position with respect to F2 axis, while TKOII/III 
was at the negative end. This is because of the different concentrations of total and 
soluble Ca, Cu and Mn of the leachate samples. TKOI had a characteristically high 
concentration of the three metals. This differed from the concentration of other chemicals 
that were low among samples in the seven landfills. This may be explained by the lower 
leachate pH compared with those from operating ones, which allowed higher amounts of 
the three metals to dissolve into the leachate. The high methanogenic activity in the 
operating landfills led to a high pH and alkalinity which decreased the solubility of the 
metals (Andreottola and Cannas, 1992; Chu et al., 1994). 
The position of SENT was especially negative with respect to F3 axis, probably 
because of its high mean concentration of SS. This may be related to the waste type. As 
discussed before, a high percentage of wastes deposited in SENT was C&D wastes, which 
may contain a high concentration of non-decomposable solids. However, one should 
notice that the high mean value was mainly due to a sudden pulse in the April 2000 sample. 
Prolonged monitoring study is needed to confirm if C&D waste would lead to a higher 
concentration of SS in the leachate generated. 
In summary, the PCA results demonstrated once again that most of the 
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physico-chemical properties of landfill leachates in Hong Kong were affected by the age of 
the site. There was a clear difference in the pollutant concentrations between operating 
and closed landfills. This may imply the pollutant concentration declines quickly once 
the landfill stops operation, which is in turn due to the high rate of waste decomposition, as 
attributed the hot, wet weather and the high proportion ofMSW disposed in the landfill. 
2.4 CONCLUSIONS 
Landfill leachates in Hong Kong were found to have a high pollution potential 
especially for those from the operating strategic landfills. The leachates possessed high 
concentrations of various organic and inorganic pollutants. Landfills in Hong Kong 
entered the methanogenic phase of waste decomposition in a rather short time. SENT 
leachate has a lower concentration of pollutants among the three strategic landfills despite 
the highest daily input. This is explained by the high proportion of C&D waste deposited 
in the landfill. The type of waste dumped obviously has a significant effect on the 
properties of landfill leachate. 
The concentration of most parameters was mainly affected by the landfill age. 
The loading of pollutants was highest in the young operating sites (WENT, NENT and 
SENT), intermediate in the mid-age ones (TKOII/III and PPV) and lowest in the oldest 
ones (MYTC and TKOI). Despite a landfill age exceeding 20 years for the two oldest 
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landfills, the concentration of certain chemicals like total N in the generated leachate still 
exceeds the limit allowed to be discharged to the wastewater treatment facilities. 
Therefore, proper pretreatment is needed before being discharged from the site. 
Seasonal variation is not very significant in leachates in Hong Kong, especially 
for the closed landfills. This may due to the lower biological activity during the dry 
season months, allowing a lower amount of pollutants to dissolve in the smaller volume of 
infiltrating water. 
PCA results demonstrated the variation of leachate properties in Hong Kong 
between different sites is largely due to the landfill age. There is a clear difference in the 
concentrations between the three young strategic landfills and the closed old landfills. 
The type of wastes deposited in the landfill also plays a role in determining the properties 
of leachate. 
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3. ECOTOXICOLOGICAL CHARACTERIZATION OF 
LANDFILL LEACHATES 
3.1 INTRODUCTION 
Landfill leachate is well documented for its high pollution potential and 
extremely high toxicity. Studies on aquatic toxicology have shown that leachate is highly 
toxic to both freshwater and marine organisms (Andreottola and Carinas, 1992; Kristensen, 
1992). However, little attention have been paid in Hong Kong on the potential impact of 
leachate on our aquatic environment, despite the fact that many big landfills in Hong Kong 
are located in the coastal area of Victoria Harbour (Tseung Kwan O Landfills, Gin Drinkers 
Bay Landfill, Siu Lang Shui Landfill, Pillar Point Valley Landfill) and Tolo Harbour 
(Shuen Wan Landfill), or other water sources, e.g. Ma Tso Lung Landfill near fish ponds in 
Northwest New Territories. 
Starting from 1980s, bioassays have been used to study the toxicity of landfill 
leachate (Cameron and Koch, 1983; Wong, 1988). Various organisms have been used to 
show how toxic the complex effluent is to the aquatic ecosystem. They include 
candidates from different trophic levels, such as bacteria and protozoa (decomposers), 
algae and duckweed (primary producers), as well as rotifers, microcmstaceans and fishes 
(consumers). In all the studies, leachate samples showed high toxicity towards the tested 
organisms. However, not many studies were done in Hong Kong, and most of the studies 
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only examined the toxicity of leachates from one at most two landfills (Wong, 1989; 
Cheung et al., 1993; Tong, 1996). At present, there are 13 closed landfills and three 
operating strategic landfills in Hong Kong. Although most of them are closed landfills, 
they are still generating landfill leachate with high degree of toxicity that can cause serious 
pollution to the aquatic environment. 
It is important to conduct ecotoxicity tests on complex effluents like landfill 
leachate in order to demonstrate how toxic they are to the environment. Bioassays have 
the advantage of assessing the impact of the effluent as a whole in one test instead of 
deducting the toxic effect of individual chemical components with reference to the long list 
of the analyzed concentrations of different pollutants. The effect of interactions between 
different chemicals is also considered in bioassays but not in chemical characterization. 
Therefore, in this study, leachate samples from nearly half of the landfills in Hong 
Kong were examined for their toxicity. The chosen landfills include all the sites that 
received a larger amount of wastes than those not selected (except Shuen Wan Landfill). 
It is believed that these sites are more representative than those small urban landfills which 
received much less wastes. The objectives of this project were (1) to study the 
ecotoxicity of landfill leachates in Hong Kong on aquatic organisms from different trophic 
levels, (2) to investigate the toxicity of leachates from landfills of different ages, (3) to 
correlate toxicity with the physico-chemical parameters of landfill leachates, (4) to identify 
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the sensitivity of different aquatic organisms towards landfill leachate. 
3.2 MATERIALS AND METHODS 
3.2.1 Site description 
Leachate samples were collected from the same seven landfills as described in 
Section 2.2.1. 
3.2.2 Leachate collection 
Two samples were collected in June and August 2000 from each site for toxicity 
study. All the samples were collected in polyethylene bottles. The bottles were filled to 
leave no headspace and refrigerated at 4°C before being used. Samples in opened bottles 
were analyzed within 3 days or else discarded. 
3.2.3 Toxicity tests 
Four bioassays were conducted to investigate the toxicity of leachate samples 
from the seven sites. The organisms used include bacterium Vibrio fischeri (Microtox® 
test), protozoan Spirostomum ambiguum, unicellular green alga Selenastrum 
capricornutum and microcmstacean Daphnia magna. The organisms chosen belonged to 
different trophic levels and therefore the toxic effect of leachate on different trophic levels 
can be assessed. Also, three of these organisms are those 'standard' organisms with wide 
application in the field of ecotoxicology (Microtox® test, S. capricornutum and D. magna). 
This allowed the comparison of the toxicity of landfill leachates in Hong Kong with that in 
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Other countries. 
3.2.3.1 Microtox® test 
The Microtox® test is one of the most widely used bioassay in studying and 
monitoring the toxicity of various effluents. It has been validated by the industrial, 
academic, and governmental testing communities. The current Microtox bibliography 
contains over 500 papers and reports, pertaining to the use, evaluation and application of 
the Microtox® test System (Azur Environmental, 2001). The test has achieved official 
"Standards Status" in several countries including an ASTM Standard (D-5660) in the US. 
The final ISO Draft (11348-3) entitled "Water Quality-Determination of the Inhibitory 
Effect of Water Samples on the Light Emission of Vibrio fischeri (Luminescent Bacteria) 
Test" has been approved (Azur Environmental, 2001). 
The mechanism of the test is based upon the use of the marine luminescent 
bacterium Vibrio fischeri NRRL B-11177. When properly grown, luminescent bacteria 
produce light as a by-product of their cellular respiration. Bacterial luminescence is tied 
directly to cell respiration, and any toxicity that inhibits the cellular activity results in a 
decreased rate of respiration and thus a decrease in the rate of luminescence. The more 
toxic the sample, the greater the percent light loss from the bacteria. 
All test materials were purchased from Azur Environmental (formerly Microbics 
Corporation, US). All tests were conducted on a Microtox model 500 analyzer. It is a 
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laboratory-based and temperature controlled photometer (15�C) that maintains the 
luminescent bacteria reagent and test samples at the appropriate test temperature. This 
instrument measures the light production from the luminescent bacteria reagent. The test 
was done according to the Microtox® test Manual (Microbics Corporation, 1992). 
Duplicated basic test and duplicated 100% test protocols were used whenever appropriate. 
The color correction procedure was also conducted. Median effective concentrations 
(EC50) at 5 min and 15 min were calculated using the supplied computer software. 
3.2.3.2 Protozoan bioassay 
The second bioassay was a 24-hour mortality test using the ciliated protozoan 
Spirostomum ambiguum. Protozoa are an important group of organisms in the aquatic 
ecosystems. They perform a key function in aquatic food webs by recycling of organic 
detritus and play a role as bacteria feeders as well as prey for various invertebrates (Le 
Du-Delepierre et al, 1996). They are attractive bioindicators in toxicological studies due 
to their short life cycle, ease of culturing, similarity of biochemical structure with higher 
animals, and high susceptibility to many toxicants (Nalecz-Jawecki and Sawicki, 1998). 
The selected freshwater heterotrichous ciliate Spirostomum ambiguum is a very large, 
unicellular protozoan (2-4 mm long) (Le Du-Delepierre et al., 1996). It is one of the 
biggest protozoa and its large size makes it easy to be manipulated under a dissection 
microscope. It can be cultured in non-axenic conditions, tested in a wide range of water 
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pH (6.0-8.5), hardness (2.8-250 mg CaCOs L"^ ) (Nalecz-Jawecki et al, 1993) and it can 
withstand low levels of oxygen (Le Du-Delepierre et al., 1996). In addition to these 
advantages, its high sensitivity towards landfill leachate (Clement et al., 1996) makes it 
indispensable to be included as a test species. 
The stock culture was purchased from the Culture Collection of Algae and 
Protozoa, UK (CCAP 1677/2B). The culture maintenance was modified from Le 
Du-Delepierre et al. (1996). The commercial mineral water Volvic was used as the 
culture medium. The protozoa were placed in plastic petri dishes containing 30 mL of 
Volvic water and 60 mg of oat flakes, which were pre-incubated at 20+2°C in darkness for 
three days. Fifty individuals were inoculated to one plate and sub-culturing was done 
every four weeks. 
Tests were conducted in 24-well (6 x 4) polystyrene, flat-bottom multiwell plates. 
The protozoa were rinsed before being used in the bioassays. Several hundred cells were 
taken out from the culture dishes. They were placed in a 50 mL measuring cylinder and 
rinsed with Volvic water. After the cells were settled to the bottom, water was decanted 
out and another aliquot of Volvic was added in. The procedure was repeated two times 
and the rinsed cells were placed in a petri dish with Volvic water, which is also used as 
diluent in the test. Then 20 protozoa were transferred to each test well in Volvic water. 
Serial dilutions of the sample were prepared with Volvic water in 16x100 mm glass culture 
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tubes. The concentrations prepared were double those to be tested. Afterwards, 1 mL of 
the sample was added to each well which contains the test organisms in 1 mL Volvic to 
obtain the final test concentration. Each test was performed with 5 concentrations and 1 
negative control (Volvic water) in triplicates. The number of organisms surviving in the 
well was counted under a dissection microscope after 24 hours. The median lethal 
concentration was calculated using the Spearman-Karber method. 
3.2.3.3 Algal bioassay 
Green algae have been a common candidate in aquatic toxicity bioassays, due to 
their unique role in the food web. The primary producers are on the lowest level of the 
food chain and any effect on them will produce a consequential problem on other trophic 
levels. This makes algae a very suitable organism for the assessment of impacts of toxic 
substances on the aquatic environment. Some of the most commonly applied species 
include Chlamydomonas reinhardii, Chlorella pyrenoidosa, Chlorella vulgaris, 
Scenedesmus quadricauda, Scenedesmus subspicatus and the one chosen in this project, 
Selenastrum capricornutum (which is also known as Raphidocelis subcapitata (Nygaard et 
al., 1986)). 
Selenastrum capricornutum is a crescent-shaped unicellular green alga (40-60 
that is commonly found in freshwater habitats. It has been widely applied in 
ecotoxicity tests and is recommended by the many international organizations to be used in 
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Plate 3.1 Organisms used in the bioassays (top: Spirostomum ambiguum (modified 
from Van Egmond, 2001); middle: Selenastrum capricornutum (modified 
from UTEX, 2001); bottom: Daphnia magna). 
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algal toxicity assays (ISO, 1989; APHA, 1995). Widespread use of the species in toxicity 
tests has been observed and the test became a standard procedure for toxicity assessment of 
some toxicants on microalgal community. 
The algal bioassay conducted was a 96-hour algal growth inhibition test. The 
procedure was done according to ISO Method 8692 (ISO, 1989) with some modifications. 
Stock culture of the alga was purchased from Culture Collection of Algae and Protozoa 
(CCAP 278/4) as recommended. The culture was maintained in the nutrient medium 
suggested and the stock was sub-cultured weekly. The culture was kept in a MLR-350 
Versatile Environmental Test Chamber (Sanyo, Tokyo). All the test materials were 
sterilized and the leachate samples were filter-sterilized through 0.22 |Lim membrane filters 
before adding to the algal cells. Serial dilutions of the leachate samples were first 
prepared in sterilized containers under aseptic environment. Six concentrations and 1 
negative control in triplicate were prepared for each sample. The samples were then 
added to the flasks containing the nutrient concentrate. Finally an appropriate amount of 
inoculum at exponential phase of growth was added to all the flasks to give an initial cell 
density of 5x10"^  cell mL"^  in the test solution. The flasks used were 100 mL Erlenmeyer 
flasks and the total volume of test solution was 40 mL, in order to conserve three-fifth of 
the volume for CO2 exchange. The flasks were incubated in the test chamber with a 
light-dark cycle of 16:8 hours at 24 士 The light intensity was between 80 - 100 |liE 
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m-2 s-i (8000 - 100000 lux). The algal cells were shaken twice everyday to facilitate 
gaseous exchange. The cell density was measured indirectly by photometric method. 
Two hundred |iL of test solution was transferred to a well of a 96-well microplate and the 
absorbance at 680 r|m was measured using a Spectromax 250 ™ Microplate 
Spectrophotometer (Molecular Devices, Sunnyvale, USA). The absorbance was 
measured daily starting from the time the inoculum was added to the test solution until the 
experiment ended (96 hours). The growth rate was calculated from the equation 
In (N2/N1) =  
t2-ti 
where [i = growth rate, Ni = absorbance of sample at start of test, N2 二 absorbance of 
sample after 96 hours, and ti-ti = 96 hours (Walsh et al., 1982). The concentration 
causing 50% growth inhibition (IC50) at 96 hour was then calculated. 
3.2.3.4 Crustacean bioassays 
Crustaceans, especially the cladocerans, have been widely used as test organisms 
to assess the acute and chronic effects of single chemicals and whole effluents. They are 
valuable as test organisms because of their high sensitivity towards toxic substances, ease 
of culture and handling, ubiquitous distribution and extensive use in toxicity testing. The 
special feature of parthenogenetic reproduction makes the genetic variability between 
individuals a minimal and therefore higher reproducibility of test results. 
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Daphnia magna is one of the most commonly used freshwater cladocerans in 
toxicity bioassays. Numerous studies have applied it in assessing the environmental 
impact of various pollutants on surface water and sediment. It is also extensively used in 
regulatory testing by different government and international organizations (USEPA, OECD, 
ISO). It is relatively large in size, has short life cycle and high fecundity, which gives it 
additional advantage for being used in bioassay. 
The stock culture was bought from Aquatic Research Organisms, Inc. (Hampton, 
USA). The culture method was modified from APHA (1995). A single adult with a 
large number of newborns inside the brood chamber was isolated so that all the test 
organisms were originated from this individual to ensure no genetic variation existed 
between individuals used in all bioassays. Cultures were maintained in a 1 L beaker and 
a maximum of 30 adults were allowed in one beaker, and each beaker was filled to 
three-fifth of the total volume. These were done in order to prevent overcrowding and 
allow sufficient gaseous exchange. The culture medium used was artificially prepared 
hard water (APHA, 1995). The daphnids were fed with a mixed diet composed of YCT 
(yeast, cerophyll, trout-chow) and the green algae Selenastrum capricornutum and 
Chlamydomonas reinhardii. The cultures were kept in an environmental chamber with a 
light-dark cycle of 16:8 hours at 24±1°C. 
One hundred mL beakers were used in the tests. Forty mL sample of 
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appropriate concentration was placed in each beaker. Then ten <24 hour neonates were 
transferred to each beaker and the organisms were incubated in the environmental chamber 
with a light-dark cycle of 16:8 hours at 24±l0C. Five concentrations prepared by serial 
dilution and one negative control were used in each test. The number of mortality in each 
treatment was recorded after 24 and 48 hours. The DO content in the crustacean 
bioassays was measured before and after the tests and was found to be higher than 4 mg 
This was done to ensure that the death of organisms was not resulted from the depletion of 
oxygen in the test medium, which could be possible in view of the high oxygen demand of 
the leachate samples and the high oxygen need by the crustaceans compared with other 
tested organisms. The 24 and 48-hour median lethal concentration (LC50) values were 
calculated using Spearman-Karber method. 
3.2.3.5 Statistical analysis 
ANOVA was employed to detect if significant difference exists between the 
sensitivity of the different bioassays. PCA was conducted on the data from bioassays to 
test if some bioassays give similar response and if some sites show similar toxicity as 
detected in the bioassays. Pearson Correlation Analysis was done to correlate the 
chemical characteristics with the toxicity of the leachate samples detected in different 
bioassays. The analyses were done using the computer software SPSS version 7.5. 
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3.3 RESULTS AND DISCUSSION 
3.3.1 Leachate toxicity 
The results of the toxicity bioassays are summarized in Table 3.1. The 
physico-chemical properties of the tested leachate samples were presented in Table 3.2. 
Most of the leachate samples were toxic to the tested organisms. Toxicity to the 
organisms was detected in 85 out of the 98 tests conducted (86.7%) detected toxicity to the 
organism, with 74% of the toxic samples produced an EC50 or LC50 value below 10% (63 
out of 85). This clearly demonstrated the high risk posed by landfill leachate to the 
aquatic ecosystem. 
Among the leachate samples, as predictable from the results of the chemical 
analysis, leachates from operating landfills were found to be significantly more toxic than 
those from closed landfills. The EC50 or LC50 values were below 10% in all bioassays 
on the leachates from the three young landfills. For the closed sites, a high toxicity was 
still observed in most bioassays on the younger TKOII/III leachates, but the toxicity was 
much reduced in leachates from the older landfills. The case is most obvious in the results 
from Microtox® test. The EC50 or LC50 values for the PPV, MYTC and TKOI samples 
were all > 40%, compared with < 10% for the other four younger sites. 
Leachates from WENT and NENT were more toxic than that from SENT in most 
bioassays, which is attributed to their higher concentrations of toxicants such as organics and 
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Table 3.1 Toxicity of leachate samples from the seven landfills to various organisms. 
WENT NENT SENT TKOII/III PPV MYTC TKOI 
EC50 or LC50 (%, v/v) 
Microtox 2.45 4.01 4.55 9.64 39.7 >99.0 >99.0 
5min (1.26-3.86) (2.93-4.97) (3.16-6.26) (8.47-10.9) (21.7-56.9) 
Microtox 2.25 3.20 3.55 7.34 41.4 >99.0 >99.0 
15min (1.25-3.33) (2.37-3.91) (2.65-4.33) (6.20-8.53) (25.1-56.5) 
S. ambiguum 0.42 0.39 0.72 0.97 1.94 3.18 4.95 
24 h (0.31-0.62) (0.28-0.59) (0.61-0.78) (0.70-1.17) (1.70-2.62) (1.43-5.94) (1.84-7.90) 
S. capricornutum 1.10 1.15 2.11 3.27 5.88 9.68 26.3 
96 h (0.98-1.21) (0.79-1.50) (1.83-2.42) (3.17-3.36) (4.48-7.32) (8.91-10.5) (18.5-34.4) 
D. magna 1.98 2.09 3.07 4.51 11.2 25.8 37.2* 
24 h (1.41-3.07) (1.47-2.87) (2.51-3.62) (3.54-5.14) (5.10-20.1) (20.3-33.8) (33.9-40.8) 
D. magna 1.59 2.02 2.82 4.30 8.99 24.1 33.6* 
48 h (1.11-2.14) (1.29-2.87) (2.03-3.33) (3.54-4.87) (4.25-16.3) (19.0-30.1) (28.3-40.2) 
Values in parentheses are 95% confident intervals. 
* Only June data is presented, Aug sample LC50>99.0%. 
ammonia. Samples from MYTC and TKOI landfills were found non-toxic to V. fischeri 
(Microtox® test), yet they still showed considerable toxicity towards S. ambiguum and S. 
capricornutum, and D. magna to a lower extent. When we compare the concentrations of 
the pollutants in the leachate samples with that favorable for aquatic life (Table 3.2)，we 
can see all the leachate samples contained higher concentration of almost all pollutants 
listed. Even for the oldest landfills, the concentration of conductivity, BOD, COD, TS, 
SS, alkalinity, NHx-N, total phosphorus and a few heavy metals still exceed the favorable 
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impact leachate can cause. Proper treatment is still needed for a long period after the sites 
were completed in order to minimize the adverse effect on the aquatic environment. 
Table 3.3 showed the toxicity of raw leachates in other studies on the same 
organisms as we used in this study. It is clearly seen that the toxicity of leachates from 
Hong Kong landfills were more toxic, or at least had the same level of toxicity as in other 
countries. The highest toxicity value in all our bioassays, which corresponds to the 
toxicity of the leachates from the young operating sites, is much higher than those 
available in literature. This is probably due to the much higher concentration of 
ammoniacal-nitrogen in local leachates. The concentration of ammonia in landfill 
leachates in other published studies is generally below 1,600 mg L'^  (Lema et al., 1988; 
Clement et al, 1996). 
3.3.2 Sensitivity of tested organisms 
The mean toxicity of leachates from each site detected by each bioassay was 
converted to toxic unit (TU — 100/EC50 or LC50) was plotted in Fig. 3.1. This is done so 
that a high value indicated a high toxicity. The level of significant difference between the 
sensitivity of the bioassays was summarized in Table 3.4. 
Protozoan S. ambiguum was found to be the most sensitive species among the four 
tested organisms, i.e. highest toxicity on this species caused by the leachate samples. The 
LC50 values ranged from 0.29%, which was observed in NENT August sample to 7.41% in 
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Table 3.3 Comparison of toxicity of landfill leachate with other studied in the past. 
Bioassays Duration EC50 or LC50 (%) Reference  
Present study Other studies 
Microtox® test 5 min 2.45 - >100 14 - 17.5 Plotkin and Ram, 1984 
8.8 - 76.9 VanCoillie et al, 1989. 
37.2 - > 1 0 0 Tong, 1996 
15 min 2.25 - >100 35.1 - 61.9 Tong, 1996 
S. ambiguum 24 h 0.39 - 4.95 0.3 - 2.7 Clement a/., 1996 
S. capricornutum 96 h 1.10 - 26.3 48.5 — 99.3 Magdaleno and De Rosa, 2000 
24 h 33.8 - 69.0 Van Coillie et al., 1989. 
13 d 1 - 10 Plotkin and Ram, 1984 
D. magna 24 h 1.98 - 37.2 7.4 - 12.7 Clement a/., 1996 
48 h 1.59 - 33.6 62 - 66 Plotkin and Ram, 1984 
<10 ->100 Assmuth and Penttila, 1995 
TKOI August sample. The sensitivity was followed by microalga S. capricornutum, 
microcmstacean D. magna and bacterium V fischeri. Similar trend had been observed by 
Clement et al. (1996), in which S. ambiguum was found to be the most sensitive organisms 
towards 22 leachate samples among 8 bioassays including Vibrio fischeri and Daphnia 
magna. The higher sensitivity of S. capricornutum over D. magna and the Microtox® test is 
also observed in previous studies (Walsh et al., 1982; Lambolez et al., 1994). Results from 
ANOVA show that the sensitivity of S. ambiguum was found to be significantly different 
from all the other bioassays and that of S. capricornutum being the only other bioassay 
showing significant different with other bioassays (5 min Microtox® test). 
Bioassays seemed to have different sensitivity towards different chemical 











































































































































































































































Chapter 3 ECOTOXICOLOGICAL CHARACTERIZATION 
Table 3 A Level of significant difference between the sensitivity of bioassays. 
Microtox 5 min Microtox 15 min S. ambiguum S. capricornutum D. magna 24 h D. magna 48 h 
Microtox 5 min | | m | | J J U | N S *** * NS NS 
Microtox 15 min *** NS NS NS 
S. ambiguum *** *** 
S. capricornutum NS 
D. magna 24 h NS 
D. magna 48 h 
i?<0.001; J9<0.01; j9<0.05; NS: Not significant. 
components have a high correlation with the toxicity on the bioassay organisms. The 
results were presented and discussed in Section 3.3.4. 
3.3.3 Principal Component Analysis 
PCA was conducted to examine if there were leachates with similar toxicities and 
if bioassays gave similar response towards the leachate samples. The existence of links 
between variables leads to a reduction of the number of variables which are then called 
principal components. The LC50 or EC50 values were first converted to toxic unit before 
being used in PCA. The eigenvalues of the extracted components are shown in Table 3.5. 
The correlations of each bioassay with the extracted components are summarized in Table 
3.6. The factorial map was shown in Fig. 3.2. 
Due to the high similarity in the response of the different bioassays to the leachate 
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Table 3.5 Eigenvalues of extracted components in PCA. 
Initial eigenvalues 
Component Total % of variance Cumulative % 
1 5.77 96.1 96.1 
2 0.21 3.50 99.6 
3 0.02 0.28 99.9 
4 0.01 0.09 100 




Microtox 5 min 0.954 0.295 
Microtox 15 min 0.977 0.206 
S. ambiguum 0.976 0.210 
S. capricornutum 0.985 0.160 
D. magna 24 h 0.992 0.100 
D. magna 48 h 0.998 0.021 
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Fig. 3.2 Factorial map of the elements (leachates) in F1 x F2 plane of the PCA performed 
on the toxicity of leachates from the seven landfills. 
samples, only 2 components already explained >99% of the total variance. Therefore, 
only the plot of Factor 1 x Factor 2 (F1 x F2) was made and discussed. 
All the species were located on the positive side of the first component (Fig. 3.2), 
indicating all the species reacted in a similar way to the leachate samples, i.e. either toxic 
or non-toxic to all the species. All the species showed strong association with the first 
axis. S. ambiguum, S. capricornutum and D. magna had negative correlations with the 
second component, while Microtox® test correlated positively. 
Operating landfills were all located on the positive side of the first axis while the 
closed sites were all on the negative side. This is because of the much higher toxicity of 
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the leachates from the three strategic sites compared with those from the closed ones. 
The three operating sites were located at different positions with reference to the second 
axis. This may be explained by the difference in their toxicity to Microtox® test. SENT 
was at a highly positive location due to its higher toxicity to the two organisms relative to 
other bioassays than WENT and NENT. NENT was at the negative side due to its 
comparatively lower toxic effect found in the Microtox® test than the other bioassays 
3.3.4 Correlation with chemical properties 
It has been mentioned that a lack of correlation between chemical parameters and 
toxicity bioassay made it difficult to identify the responsible toxicant in landfill leachate 
(Lambolez et al., 1994). In order to confirm if our study has the same problem, a Pearson 
Correlation Analysis was done using the data from chemical characterization and toxicity 
bioassays. The results are shown in Table 3.7. 
High correlations were found between many chemical parameters and the 
observed toxicity in all the bioassays studied. This may be attributed to the similar waste 
composition in the studied sites as most of the sites were dominated by MSW. Since the 
concentration of most pollutants in leachate decreased as the landfill aged, older sites had 
lower concentrations of most chemical parameters and lower toxicity. This led to the 
high number of good correlations between the chemical parameter and toxicity found as 
they varied with the same trend. 
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Table 3.7 Pearson Correlation Analysis between toxicity and chemical parameters for the 
various organisms. 
Microtox Microtox 
Parameter S. ambiguum S. capricornutum D. magna 24 h D. magna 48 h 
5 min 15 min 
pH 0.501 0.556* 0.432 0.489 0.573* 0.573* 
DO - 0.691** - 0.752** -0.717** - 0.727** -0.751** - 0.745** 
Conductivity 0.708** 0.722** 0.496 0.566* 0.521 0.525 
Salinity 0.683** 0.692** 0.438 0.511 0.465 0.468 
ORP -0.836** - 0.879** -0.714** - 0.775** -0.775** - 0.790** 
TS 0.844** 0.837** 0.755** 0.806** 0.784** 0.840** 
SS 0.950** 0.967** 0.776** 0.851** 0.814** 0.855** 
BOD 0.964** 0.960** 0.686** 0.777** 0.722** 0.774** 
COD 0.846** 0.901** 0.891** 0.934** 0.928** 0.941** 
TOC 0.917** 0.897** 0.596* 0.684** 0.588* 0.646* 
Alkalinity 0.757** 0.825** 0.970** 0.990** 0.978** 0.977** 
TKN 0.767** 0.828** 0.976** 0.996** 0.978** 0.985** 
NHx-N 0.712** 0.776** 0.984** 0.992** 0.979** 0.980** 
NOx-N -0.403 - 0.425 -0.146 - 0.209 -0.190 -0.182 
TKP 0.692** 0.736** 0.831** 0.853** 0.790** 0.784** 
PO43--P 0.617* 0.685** 0.912** 0.912** 0.869** 0.849** 
SCV. 0.648* 0.714** 0.916** 0.921** 0.882** 0.873** 
c r 0.766** 0.834** 0.884** 0.920** 0.912** 0.910** 
Total phenols 0.871** 0.804** 0.270 0.401 0.309 0.394 
**；7<0.01;*；9<0.05 
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Table 3.7 
Microtox Microtox 
Parameter S. ambiguum S. capricornutum D. magna 24 h D. magna 48 h 
5 min 15 min 
Total metals 
Na 0.751** 0.825** 0.884** 0.905** 0.935** 0.932** 
K 0.794** 0.863** 0.924** 0.949** 0.955** 0.956** 
Ca - 0.431 - 0.463 - 0.472 - 0.503 - 0.560* - 0.567* 
Mg 0.887** 0.905** 0.733** 0.782** 0.769** 0.816** 
Al 0.871** 0.895** 0.717** 0.785** 0.774** 0.817** 
As 0.792** 0.847** 0.885** 0.900** 0.918** 0.929** 
Cd 0.838** 0.760** 0.192 0.327 0.220 0.311 
Cr 0.364 0.462 0.871** 0.824** 0.886** 0.850** 
Co 0.741** 0.810** 0.935** 0.956** 0.945** 0.942** 
Cu - 0.161 -0.156 -0.217 -0.219 - 0.225 - 0.234 
Fe - 0.300 - 0.350 - 0.356 - 0.408 - 0.441 - 0.430 
Mn - 0.631* -0.697** - 0.732** - 0.745** - 0.802** - 0.794** 
Ni 0.813** 0.873** 0.869** 0.905** 0.912** 0.919** 
Pb 0.537* 0.524 0.305 0.377 0.344 0.390 
Zn 0.576* 0.665* 0.862** 0.870** 0.857** 0.828** 
Soluble metals 
Na 0.757** 0.831** 0.863** 0.887** 0.921** 0.916** 
K 0.791** 0.859** 0.928** 0.955** 0.959** 0.959** 
Ca - 0.470 -0.515 - 0.549* - 0.572* -0.601* - 0.597* 
Mg 0.837** 0.856** 0.677** 0.722** 0.725** 0.775** 
Al 0.834** 0.860** 0.673** 0.723** 0.734** 0.779** 
As 0.758** 0.818** 0.864** 0.882** 0.920** 0.928** 
Cd — — — — — — 
Cr 0.818** 0.844** 0.867** 0.914** 0.885** 0.919** 
Co 0.715** 0.792** 0.935** 0.955** 0.927** 0.915** 
Cu - 0.218 - 0.243 - 0.316 - 0.284 - 0.323 - 0.318 
Fe 0.378 0.454 0.516 0.515 0.581* 0.552* 
Mn - 0.421 - 0.469 - 0.495 - 0.533* - 0.556* - 0.547* 
Ni 0.778** 0.845** 0.879** 0.910** 0.921** 0.922** 
Pb 0.632* 0.631* 0.535* 0.547* 0.612* 0.661* 
Zn 0.505 0.596* 0.858** 0.843** 0.834** 0.796** 
**p<0.01; * /7<0.05; — cannot be calculated (zero value of parameter) 
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We could still get some hints on the responsible toxicants in each bioassay. For 
Microtox® test, high correlation was found in ORP, solids (TS & SS), organic parameters 
(BOD, COD, TOC, total phenols) and certain metals. This implies organic compounds 
may be the major toxicants to V fischeri. This agrees with previous studies that high 
toxicity was detected by Microtox® test in samples with high COD (Clement et al., 1996). 
The correlation pattern between the chemical parameters and toxicity was quite similar for 
S. ambiguum, S. capricornutum and D. magna. A high correlation with COD, alkalinity, 
TKN, NHx-N, anions such as phosphate, sulphate and chloride, and some metals was 
observed. All these are possible toxicants that can cause harm to the tested organisms, e.g. 
NHx-N is a well-known toxicant to many aquatic organisms (48-h LC50 of NH3 to D. 
magna is 0.53 (USEPA, 1983) to 4.94 (International Programme on Chemical security, 
1986)). 
Despite the many significant correlations found, it is still difficult to identify 
which toxicant is the responsible candidate since it is unlikely that all the chemical 
parameters were responsible for the toxicity. For instance, a high correlation (>0.7) 
between Microtox® test and conductivity was found, but the bacteria V. fischeri is a marine 
bacterium; it is unreasonable to say that conductivity is a cause of toxicity to the bacteria. 
Another problem is that we cannot determine how much each parameter that showed high 
correlation contributes to the toxicity observed. This demonstrates the need of another 
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approach for identifying the toxicants from complex effluents like landfill leachate. 
3.4 CONCLUSIONS 
Results from the ecotoxicity study demonstrate the extremely high risk of 
environmental impacts posed by landfill leachates. Leachates from operating landfills 
were highly toxic to all the organisms tested which represented different trophic levels. 
Even leachate from old landfill closed for over 10 years (MYTC) was still toxic to most of 
the organisms in the toxicity bioassays. Hong Kong leachates were more toxic than 
leachates in other studies probably due to the high concentration of ammonia. However, 
the toxicity generally decreased as the landfill age increased. Leachates from landfills 
dominated with MSW showed higher toxicity than from those which also received 
construction wastes. 
Protozoan S. ambiguum was found to be the most sensitive one among the 
bioassays. S. capricornutum and D. magna also showed a high sensitivity towards 
leachates. Microtox® test failed to detect toxicity in the old leachate samples. Different 
bioassays seemed to detect toxicity of different chemical components. A high correlation 
between Microtox® test and organic parameters, and that between COD, NHx-N and some 
other inorganic components with S. ambiguum, S. capricornutum and D. magna was 
observed. 
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PCA demonstrated that bioassays generally give the same response to different 
leachate samples. The degree of toxicity varied proportionally with the age of landfills. 
The younger the landfill where the samples were from, the more toxic they were to the 
organisms. 
Many physico-chemical parameters correlated well with the toxicity results, 
implying that more than one toxicant were likely to be present that were responsible for the 
toxic effect of leachates. This also made it difficult to identify the major toxicants by 
means of statistical analysis. 
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4. TOXICITY IDENTIFICATION EVALUATION OF MAJOR 
TOXICANTS IN LANDFILL LEACHATE 
4.1 INTRODUCTION 
TIE procedure is a method developed by the USEPA for the systematic 
identification of toxicants from environmental samples. This method utilizes various 
manipulation and fractionation techniques in combination with toxicity bioassays to 
identify the toxicants present in the environmental samples. This toxicity-based 
approach overcomes some limitations of the more traditional chemical-specific approach, 
such as the possible failure of getting a significant correlation between chemical 
properties and toxicity data, and also wrong identification of non-toxic components that 
correlated well with the toxicity. The toxicity-based approach enjoys the advantage that 
it does not require the standard materials that may not be available commercially for 
conducting pure-chemical toxicity tests and chemical analysis. Moreover, it does not 
need to predict the possible interactions between components present in the effluent. 
Landfill leachate is well known for its extreme complexity and high toxicity. 
Physico-chemical characterization and toxicity bioassays alone, even in combination, are 
not sufficient to find out what are the major toxicants in the highly complicated leachates. 
Instead of conducting analysis for a long list of physico-chemical parameters, TIE can 
provide an effective way to shorten the number of chemicals that require monitoring. 
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Using the organisms relevant to the target ecosystem, TIE provides the simplest yet most 
efficient way to discover the major pollutant(s) and subsequent mitigation measures can 
be implemented. However, since each sample subjected to TIE is fractionated into 
many sub-samples, a clear drawback for TIE is that it is time-consuming and difficult to 
be finished within a short time when resources like manpower or bioassay organisms are 
limited. Also, the use of 2 or more species in bioassays is needed to detect potential 
toxicants present in the sample and get a representative result. All these made it 
unfeasible to conduct TIE on many samples at one time. 
Among the many toxicants present in leachate, ammonia had been the most 
common candidate suggested to be the major component responsible for the observed 
toxicity (Plotkin and Ram, 1984; Wong, 1989; Jean and Fmget, 1994; Clement and 
Merlin, 1995; Clement et al., 1996 and 1997). However, all those results were based on 
statistical analysis. In this study, the role of ammonia in leachate toxicity was studied 
using the sample fractionation approach in addition to statistical methods in Chapter 3. 
As a preliminary trial, a TIE study was conducted on a leachate sample in order 
to identify the major toxicant(s) present in landfill leachate in Hong Kong. The 
objectives were (1) to characterize the major toxicant(s) present in landfill leachate in 
Hong Kong using the TIE procedure, (2) to confirm the role of ammoniacal-nitrogen in 
leachate toxicity using TIE, (3) to study the priority toxicants in causing toxicity to the 
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tested organisms if there is more than one toxicant found, and (4) to study the use of 
multi-species in TIE for identification of different toxicants in landfill leachate. 
4.2 MATERIALS AND METHODS 
4.2.1 Site description 
Leachate from WENT was chosen for study in this part. This is because of 
several reasons. Firstly, leachate samples from WENT showed the highest toxicity in 
most of the bioassays conducted in ecotoxicological characterization. This implies that 
it possesses the highest potential in causing serious environmental impacts among the 
seven leachate samples. Secondly, leachate samples from WENT showed the highest 
concentrations of pollutants in almost all the chemical species analyzed in chemical 
characterization, thus the number of toxicants present is expected to be higher, and more 
representative for landfill leachate. Lastly, WENT is the largest landfill in Hong Kong 
and will receive the largest quantity of wastes, thus the amount of pollutants to be 
generated in the leachate is the highest among all other landfills. Based on the above 
considerations, leachate from WENT is expected to be the most representative one and 
therefore was chosen for TIE. 
4.2.2 Toxicity bioassays 
The Microtox® test and the mortality test using the protozoa Spirostomum 
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ambiguum were chosen for the evaluation of leachate toxicity in TIE. The two tests 
were chosen due to their advantages over the other bioassays. S. ambiguum showed the 
highest sensitivity among the bioassays in the ecotoxicity study (Chapter 3). Also, it is 
easy to culture and handle. Test can be conducted in a 24-well plate and requires very 
little volume of sample. These properties make it an ideal choice for being used in TIE. 
Though the Microtox® test is not as sensitive as some other bioassays being 
used, it is easy to perform, require little sample and gives quick response. Moreover, the 
variation of test results due to organism culture is minimized using the Microtox® test as 
the bacteria are supplied commercially from a single company. This increases 
reproducibility of test results and enhances the comparability of leachate toxicity between 
different samples. Lastly, it has been reported that Microtox® test is sensitive to 
organics which are important toxicants in landfill leachate. The difference in sensitivity 
may imply the detection of different toxicant(s), which is highly desirable. 
4.2.3 Phase I Toxicity characterization 
All the TIE manipulations were done according to the Methods for Aquatic 
Toxicity Identification Evaluations (USEPA, 1991). For Phase I, all the seven 
manipulations for characterizing the toxicant(s) were carried out (Fig. 1.5). pH, 
conductivity, dissolved oxygen, BOD5, TOC, alkalinity and total ammonia of the sample 
were determined using the same methods as in the chemical characterization part. 
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Hardness was also determined by using ICP to measure the concentrations of calcium and 
magnesium ions. The initial toxicity test was conducted as soon as the sample arrived at 
the laboratory. 
All the manipulations including pH adjustment, filtration, aeration, CI8 solid 
phase extraction (CI8 SPE), sodium thiosulphate addition (for oxidant reduction test), 
EDTA addition (for EDTA chelation test) and graduated pH adjustment were conducted, 
and all the manipulated samples were tested for toxicity using the two bioassays. All 
manipulations were done according to the Methods for Aquatic Toxicity Identification 
Evaluations (USEPA, 1991). Alltech (Illinois, USA) high capacity CI8 extract-clean 
columns were used in CI8 solid phase extraction, and the methanol used was HPLC 
grade. The water used in all steps was Milli-Q water. 
4.2.4 Phase II Toxicity identification and multiple manipulations 
Phase II manipulations were started as soon as the toxicants were characterized 
in Phase I. The toxicants were suspected to be nonpolar organics and ammonia since 
only C18 SPE test and graduated pH test showed apparent reduction in toxicity in the two 
bioassays. Due to the limitation of time and techniques, detailed identification of 
individual groups of nonpolar organics was not performed. 
For the identification of ammonia toxicity, the zeolite resin method and air 
stripping method were employed (USEPA, 1993a). The zeolite was purchased from 
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GSA Resources, Inc. (Tucson, USA). After several trials, it was found that 100 mL 
leachate passing through a glass column containing 100 g zeolite at a flow rate of about 1 
mL mirfi could remove >90% of the ammonia present in the sample and thus was used to 
generate the zeolite-treated samples. For air stripping, 100 mL leachate was adjusted to 
pH 11 using solid NaOH and then stirred continuously for 12 hours. The manipulated 
samples were tested for toxicity after treatment. The concentrations of 
ammoniacal-nitrogen in samples after each treatment were measured. 
In order to investigate whether nonpolar organic carbon or ammonia occupies a 
higher ranking in toxicity to living organisms, a combined sequential treatment was 
conducted on the leachate. One raw sample was first placed to undergo CI8 SPE 
treatment. A portion of the treated sample was conserved for toxicity test. The 
remained manipulated sample was then passed through the zeolite resin in the same way 
as described before. The two generated samples were then tested with the two toxicity 
bioassays. Two samples were also generated with zeolite treatment done prior to the 
C18 SPE treatment, i.e. with the treatments done in reverse order. Another set of four 
samples was prepared with the zeolite treatment being replaced by air stripping. Same 
as before, the concentration of ammoniacal-nitrogen in the samples were determined after 
each treatment. 
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4.2.5 Phase III Toxicity confirmation 
The mass balance method was applied in Phase III for confirmation of ammonia 
toxicity (USEPA, 1993b). Samples were brought to undergo air stripping and zeolite 
treatments respectively, with the concentration of ammonia measured before and after the 
treatments. The samples were then separated into two groups. To one group, a 
calculated amount of di-ammonium hydrogen phosphate ((NH4)2HP04) was added to 
increase the concentration of the ammoniacal-nitrogen to the level before the treatment 
was applied. The pH of the samples was adjusted to the original value in order to ensure 
the concentration of unionized ammonia in the sample was the same as the original 
sample. No treatment was done to the other group. The four samples were then 
subjected to toxicity bioassays to see if the toxicity were the same after the re-addition of 
an ammonia source. 
The correlation approach was also used in order to further verify if ammonia is 
the toxicant responsible for the toxic effects. Though the data were not from a series of 
samples collected over a period of time, the correlation between the toxicity and 
concentration of ammoniacal-nitrogen in the manipulated samples still can show if the 
variation of toxicity is associated with the ammonia concentration. The toxicity and the 
concentration of ammoniacal-nitrogen in each manipulated samples in Phases II and III 
was employed. A statistical regression was done to find out if a high correlation exists 
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between the measured toxicity and the concentration of ammoniacal-nitrogen in the 
samples. 
4.3 RESULTS AND DISCUSSION 
4.3.1 Chemical properties of collected sample 
The chemical properties of the sample for TIE procedure was presented in Table 
4.1. The toxicity of all the samples, including raw and those undergone TIE 
manipulations, are summarized in Tables 4.2 - 4.4. 
The chemical properties of the collected sample were similar to those in 
chemical characterization (Chapter 2), e.g. moderately alkaline pH, low DO, high 
Table 4.1 Chemical properties of the collected sample for TIE study. 
Parameter Concentration (Mean士SD) 
pH 8.34 
DO (mg L-i) 0.63 
Conductivity (mS cm]) 37.1 
Salinity (ppt) 23.4 
Hardness (mg L'^) 393 
BOD5 (mg O2 L-i) 1730 ±84.3 
COD (mg O2 L"^ ) 6970 ±142 
TOC(mgL-i) 2620 士 15.7 
Ca2+(mgL-i) 44.2 ±0.3 
Mg2+(mgL-i) 68.7 士 1.0 
Alkalinity (mg CaCOs L"^ ) 19200 士 106 
NHx-N (mg L-i) 5010 ±83.9 
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conductivity and salinity, high BOD5, COD, TOC and NHx-N. Therefore the sample 
was representative for a highly toxic landfill leachate in Hong Kong. 
4.3.2 Phase I results 
From the results of Phase I manipulations, significant reduction in toxicity was 
not found in most of the manipulated samples in the protozoan bioassay. The largest 
reduction came from sample with pH adjusted to 6 in the graduated pH test. This 
implies ammonia may be a source of toxicity since the proportion of unionized ammonia 
is higher at lower pH. The samples with pH 3/C18 SPE and EDTA chelation treatments 
also showed a reduced toxicity to the S. ambiguum. However, the degree of reduction 
was so small that it is difficult to say the target pollutants of the manipulation (nonpolar 
organics and heavy metals respectively) were attributable to the toxicity. Also, with a 
high complexity like landfill leachate, each manipulation should be able to remove a 
certain amount of toxicants and thus reduced the toxicity. However, most of the 
manipulations were found unable to reduce the toxicity of the sample. This shows that a 
dominant toxicant was present that its toxicity overrides the toxic effect of other 
toxicants. 
For the Microtox® test, an apparent reduction in toxicity was found in the first 
30 mL portions of all the three CI8 SPE samples manipulated at different pH in which 
the 5 min EC50 was reduced from 2.41% to the least toxic 17.6%. The second 30 mL 
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Table 4.2 TIE Phase I manipulations. 
Manipulation LC50 (%, v/v) EC50 (%, v/v) 
S. ambiguum Microtox 5 min Microtox 15 min 
Raw leachate 0.25 (0.23-0.28) 2.41 (2.31-2.52) 1.90 (1.85-1.96) 
pH 3 adjustment 0.31 (0.28-0.35) 4.86 (4.79-4.94) 4.00 (3.92-4.09) 
pH 11 adjustment 0.27 (0.26-0.29) 3.43 (3.31-3.57) 2.26 (2.17-2.36) 
pH 3/Filtration 0.41 (0.35-0.48) 5.27 (5.15-5.40) 4.78 (4.59-4.98) 
pH i/Filtration 0.26 (0.24-0.29) 4.29 (3.98-4.63) 2.88 (2.79-2.97) 
pH 11/Filtration 0.27 (0.26-0.29) 4.05 (3.87-4.24) 2.66 (2.56-2.76) 
pH 3/Aeration 0.32 (0.28-0.38) 6.20 (6.00-6.40) 5.30 (5.14-5.47) 
pH i/Aeration 0.15 (0.14-0.17) 1.89 (1.54-2.32) 1.27 (0.96-1.68) 
pH 11/Aeration 0.37 (0.32-0.44) 4.27 (4.09-4.45) 2.96 (2.86-3.07) 
pH 3/C18 SPE ist 30 mL 0.55 (0.51-0.58) 17.0 (16.3-17.6) 17.5 (16.6-18.4) 
pH 3/C18 SPE 2nd 30 ^ L 0.46 (0.40-0.53) 8.03 (7.88-8.19) 7.31 (7.12-7.50) 
pH i/C18 SPE ist 30 mL 0.25 (0.23-0.28) 17.6 (17.3-17.9) 15.1 (14.5-15.8) 
pH i/C18 SPE 2nd 30 mL 0.25 (0.23-0.28) 7.53 (6.84-8.28) 4.80 (4.42-5.21) 
pH 9/C18 SPE 1st 30 mL 0.28 (—) 10.1 (9.65-10.7) 7.67 (6.99-8.42) 
pH 9/C18 SPE 2nd 30 ^ L 0.28 (—) 5.65 (5.20-6.20) 3.80 (3.44-4.20) 
Oxidant-reduction —** 5.26 (5.18-5.34) 3.84 (3.44-4.48) 
EDTA-chelation 0.53 (0.48-0.58) 4.04 (3.56-4.53) 2.65 (2.44-3.25) 
Graduated pH 6 0.80 (—） 1.86 (1.81-1.92) 1.84 (1.81-1.86) 
Graduated pH 7 0.24 (0.21-0.27) 3.28 (3.17-3.40) 2.97 (2.87-3.08) 
Graduated pH 8 0.22 (0.19-0.26) 3.87 (3.79-3.94) 3.06 (2.97-3.15) 
Values in parentheses are 95% confidence intervals 
** test not conducted due to toxicity of NaiSzO] on S. ambiguum. 
—cannot be calculated 
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portions were also less toxic, but the degree of reduction was much less with the toxicity 
about double that of the first 30 mL portions. This shows that nonpolar organics was the 
major source of toxicity of leachate samples on the bacteria. The higher toxicity of the 
second 30 mL portion indicates that the CI8 column was unable to remove all the 
organics present in the leachate sample. Relatively much more slight reduction in 
toxicity was observed in most other manipulations. This may imply many minor 
toxicants were removed by the manipulations, which is highly possible in view of the 
large amount of pollutants present in leachate. In another study applying TIE on landfill 
leachate, divalent cationic metals, apolar compounds, suspended solids and soluble basic 
compounds were characterized to be the possible toxicants (Isidori et al., 2003). The 
large variety of toxicants found provides support for our finding that many minor 
toxicants are present in the leachate sample.. 
4.3.3 Phase II results 
Based on the Phase I results, procedures for identification of ammonia toxicity 
and sequential manipulations for ammonia and nonpolar organics removal were carried 
out to identify if ammonia was the major toxicant and if nonpolar organics or ammonia 
played a more important role in causing toxicity to the organisms. The results are 
summarized in Tables 4.3 and 4.4. 
Similar to the results from Phase I, the two organisms behaved differently 
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Table 4.3 Toxicity of leachate samples prepared with different zeolite treatments. 
Manipulation LC50 (%, v/v) EC50 (%, v/v) NHx-N (mg L"^ ) 
(Mean士 SD) 
S. ambiguum Microtox Microtox 
5 min 15 min 
Raw leachate 0.25 2.41 1.90 5010±83.9 
(0.23-0.28) (2.31-2.52) (1.85-1.96) 
Zeolite (25 g/100 mL) 0.49 1.92 1.22 1310±5.7 
Once (0.41-0.59) (1.70-2.17) (1.07-1.38) 
Zeolite (25 g/100 mL) 1.50 4.45 2.42 750±0.7 
Twice (1.25-1.78) (4.36-4.54) (2.36-2.48) 
Zeolite (50 g/100 mL) 0.68 6.93 5.45 690±1.2 
(0.62-0.75) (6.69-7.18) (5.11 -5.82) 
Zeolite (50 g/50 mL) 13.8 7.35 4.90 <0.10 
(13.4-14.3) (6.70-.807) (4.46-5.38) 
Zeolite (100 g/100 mL) 13.8 7.55 5.07 0.12±0.01 
(13.4-14.3) (6.77-8.42) (4.31-5.98) 
Values in parentheses are 95% confidence intervals 
towards the various fractionated samples. Ammonia was clearly shown to be the major 
toxicant to S. ambiguum. Zeolite treatments (Table 4.3), which was aimed at removing 
ammoniacal-nitrogen, was found to be effectively reducing the toxicity of leachate to S. 
ambiguum. In one sample generated from zeolite treatment (100 g/100 mL), the LC50 
was reduced by as much as 60 times, from 0.25% to the lowest 13.8%, with the 
concentration of ammoniacal-nitrogen reduced from over 5000 mg L'^  to 0.12 mg 
In the combined sequential treatments (Table 4.4), toxicity was found to be highly 
reduced after the zeolite treatment and air stripping, in which the ammonia contents were 
all greatly decreased. A correlation analysis was done for the concentration of 
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Table 4.4 Toxicity of leachate samples prepared with combined treatments. 




5 min 15 min 
Raw leachate 0.25 2.41 1.90 5010±83.9 
(0.23-0.28) (2.31-2.52) (1.85-1.96) 
Zeolite (100 g/100 mL) 13.8 7.55 5.07 0.12±0.01 
(13.4-14.3) (6.77-8.42) (4.31-5.98) 
Zeolite + CI8 SPE 13.0 >99.0 >99.0 0.35±0.00 
(12.4-13.6) 
CI8 SPE 0.22 17.7 12.1 4430士78.7 
(0.20-0.25) (17.0-18.4) (11.8-12.4) 
CI8 SPE + Zeolite 8.97 >99.0 >99.0 <0.1 
(8.11-9.91) 
Air Stripping 4.30 3.21 2.38 2.97士0.02 
(4.06-4.55) (3.09-3.34) (2.35-2.41) 
Air Stripping + C18 SPE 4.96 61.1 72.2 3.07±0.02 
(4.64-5.30) (56.8-65.6) (68.8-75.6) 
CI8 SPE 0.22 21.2 14.7 4400士56.6 
(0.20-0.24) (17.9-25.1) (12.4-17.5) 
CI8 SPE + Air Stripping 5.73 39.7 42.4 0.24±0.00 
(5.56-5.92) (37.2-42.5) (40.2-44.7) 
Values in parentheses are 95% confidence intervals 
ammoniacal-nitrogen and the toxicity, and the results were shown in TIE Phase III in the 
later part of this chapter. 
Treatment with CI8 SPE could not further reduce the toxicity on the protozoan. 
The LC50 values did not change at all with CI8 SPE alone and CI8 SPE + zeolite treated 
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samples, and barely increased 4.30% to 4.96% for the sample pretreated by air stripping. 
This may imply that the nonpolar organics were not sharing an important role on the 
toxicity to the protozoa among the various toxicants present. Another possibility is that 
the amount of CI8 resin used is not enough to remove a significant portion of the 
nonpolar organics present in the sample to create an observable reduction in toxicity. A 
higher amount of resin can be employed and the TOC of the sample after treatment may 
be measured to determine the amount of organics being removed by the treatment. 
The story is completely different in the case of the Microtox® test Zeolite 
treatment, air stripping and CI8 SPE all reduced the toxicity of leachate to the bacteria, 
with CI8 SPE being the most efficient one. Similar to the results in Phase I, the 5 min 
EC50 increased from 2.41% to the highest 21.2% when only C18 SPE was done. While 
the reduction in toxicity was not as marked as the CI8 SPE treatment alone, zeolite 
treatment and air stripping helped remove part of the toxicity alone and also the residual 
toxicity when conducted on samples with the nonpolar organics removed. However, 
further investigation on the results showed that, despite being removed by zeolite 
adsorption and air stripping, ammonia might not be the only toxicant removed by the two 
treatments that contributed to the leachate toxicity on V fischeri. 
The case is most obvious when we compare the treatments zeolite + C18 SPE 
and CI8 SPE + air stripping. In both treatments, the nonpolar organics were removed 
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by the CI8 SPE treatment and therefore were not expected to contribute to the remained 
toxicity. In the zeolite + C18 SPE sample, where the EC50 was higher than 100%, the 
concentration of NHx-N was 0.35 mg L ' \ However, in the CI8 SPE + air stripping 
sample, higher toxicity was observed (5 min EC50=39.7%) even though the 
concentration of NHx-N was already reduced to 0.24 mg L"^ which is even lower than the 
zeolite + C18 SPE sample. This indicates that toxicant(s) other than nonpolar organics 
and ammonia was present and was removed by the zeolite treatment but not air stripping. 
Nevertheless, the toxicant(s) removed by zeolite is not as toxic as nonpolar organics to 
the bacteria, as evident by the lower EC50 values in the zeolite treatment alone when 
compared with CI8 SPE alone. 
Another indication was found when we compare the zeolite treatment (50 
g/150mL) with the air stripped sample. In the former one, the EC50 was reduced to 
6.93% with NHx-N reduced to 690 mg L'^ For the latter one, the toxicity was just 
removed slightly (EC50 changed from 2.41% to 3.21%) while the NHx-N was reduced to 
about 2.97 mg This again showed that some substance toxic to the bacteria other 
than ammonia was removed by the zeolite treatment. 
One more clue was seen when we compare the two zeolite treatments. In the 
one using a higher amount of zeolite (i.e. lOOg/100 mL), the concentration of NHx-N was 
as low as 0.12 mg L"^  and the EC50 was 7.55%. In the second one using less zeolite (i.e. 
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50 g/100 mL), the concentration of NHx-N was as high as 690 mg L"^  yet the toxicity was 
6.93%, which is not much different from the one with ammonia being almost completely 
removed. The inability to remove all toxicity by air stripping in combination with CI8 
SPE, compared with the absence of toxic effect on the zeolite treatment combined with 
CI 8 SPE samples also hinted the removal of toxicants other than ammoniacal-nitrogen by 
the zeolite treatment. 
A potential source of the toxicity is some organics that was removed by the 
zeolite treatment. Papadopoulos et al (1996) found that the COD of leachate decreased 
by 16% (from -8500 mg O2 L'^  to � 7 2 0 0 mg O2 L"^ ) after passing 1 L of leachate through 
100 g zeolite. It is likely that quite an amount of organics were removed by the zeolite 
treatment in our study as the leachate to zeolite ratio used in our study was 10 times as 
high as that in the study by Papdopoulos et al (1996). It has been found that polar and 
ionic organic compounds in landfill leachates were toxic to the luminescent bacteria 
(Ledin et al” 1999). It is possible that polar and ionic organics toxic to the bacteria 
were removed by the zeolite treatments. 
Despite the lack of toxicity reduction by CI8 SPE, whether nonpolar organics 
shared any responsibility for the remained toxicity to S. ambiguum is still not clear since 
the effect may be overridden by other toxicants that the toxicity of nonpolar organics 
cannot be seen until the more toxic components are removed. 
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The low sensitivity to nonpolar organics combined with the high sensitivity to 
ammonia by S. ambiguum provided a good tool for monitoring toxic influents entering 
biological wastewater treatment plants. The microorganisms in biological treatment 
plants are usually efficient in degrading organic compounds but easily harmed by high 
concentration of ammonia, which in turn can disrupt the normal operation of the 
treatment plants. Using S. ambiguum for detecting potential impact of the waste stream 
can certainly help maintain a proper functioning of sewage treatment plants. 
One shortcoming in the present study is that detail identification of specific 
organic compounds was not conducted due to limitations in technical issues. 
4.3.4 Phase III results 
Due to a lag of time when the Phase III tests were conducted compared to the 
previous two phases, a test was conducted on the original sample for a better comparison 
with the change of toxicity by the manipulations (Table 4.5). 
Results from the protozoa bioassay confirm the major role of ammonia in 
leachate toxicity. In both the zeolite and air stripping treatments, the re-spiked samples 
produced a similar LC50 to that of the original sample. Fig. 4,1 shows the correlation 
between toxicity of the different manipulated samples in Phases II and III (converted to 
toxic unit for easier comparison) and the concentration of NHx-N of the samples. A 
high correlation (r^=0.954) was found in the results of S. ambiguum while very poor 
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Table 4.5 Toxicity of leachate samples prepared in TIE Phase III. 
Manipulation LC50 (%, v/v) EC50 (%, v/v) NHx-N (mg L]) 
S. ambiguum Microtox Microtox (Mean±SD) 
5 min 15 min 
Raw leachate 0.24 7.90 6.28 4090士 17.5 
(0.21 -0.26) (7.72-8.09) (6.23-6.34) 
Zeolite 9.34 10.7 8.48 6.67±0.0 
(8.46-10.3) (10.5-10.9) (8.33-8.63) 
NHx-N re-added zeolite 0.23 9.72 6.87 3850士9.9 
(0.20-0.27) (9.48-9.97) (6.84-6.90) 
Air stripping 1.55 7.41 6.22 240±11.2 
(1.27-1.89) (7.04-7.81) (5.53-7.00) 
NHx-N re-added 0.24 7.80 6.09 3760士 11.3 
air stripping (0.21-0.26) (7.47-8.13) (5.77-6.42) 
Values in parentheses are 95% confidence intervals 
correlations were observed for the Microtox® tests. This further confirms that ammonia 
was the major toxicant in landfill leachate for S. ambiguum but not for V. fischeri. 
4.3.5 Use of TIE in leachate monitoring 
A combination of physico-chemical analysis, toxicity bioassays as well as TIE 
makes it perfect for studying the characteristics, monitoring the toxicity as well as 
identifying the toxicants in any kind of complex effluents like landfill leachate. The 
application of TIE solved the inability of statistical correlation in identifying the major 
toxicants present in landfill leachate and provided reliable results. 
The different sensitivity to different chemicals of the two organisms used in this 
TIE obviously demonstrate the need of multi-species in toxicity bioassays for complex 
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Fig. 4.1 Linear regression of toxicity of Phase II and III samples with measured 
ammoniacal-nitrogen concentration. 
effluents like landfill leachate in order to make a full coverage of the potential toxicity on 
various organisms in an ecosystem. 
4.4 CONCLUSIONS 
Results clearly demonstrated the high toxic effect and complexity of landfill 
leachate. The toxicity to different organisms can be caused by different components; 
ammonia was found to be responsible for a major toxic effect to S. ambiguum, while 
nonpolar organics was the major cause of toxicity to V fischeri. Moreover, complete 
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identification of all toxicants was difficult as a manipulation that targets on removing a 
particular toxicant (e.g. zeolite treatment to remove NHx-N) may in fact remove some 
other toxicants in which the degree of toxicity they are sharing is hard to obtain. The 
toxicity is always shared among at least more than one toxicant (which can be as many as 
a hundred). This, combined with the different level of importance of various toxicants, 
makes the identification even more complicated. 
The identification of ammonia and nonpolar organics as toxicants by TIE 
procedures using S. ambiguum and V. fischeri respectively clearly demonstrated the 
importance of the use of multi-species in ecotoxicity studies on complex effluents. A 
high toxicity may be exerted by an effluent to one species while it may be non-toxic to 
other organisms. 
A more detailed TIE is needed for complete identification of all the potential 
toxicants present in the leachate sample. This is because the remained toxicity to S. 
ambiguum after removal of ammonia and nonpolar organics was not investigated. Also, 
the toxicants removed by zeolite treatment other than ammonia observed in Microtox® 
test need to be identified in further study. 
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5. OVERALL CONCLUSIONS 
The present study utilized chemical analysis and toxicity bioassays to 
demonstrate the high potential of leachate from local landfills in causing serious 
environmental impacts. The major toxicants present were identified. Landfilling is the 
sole method of solid waste disposal in Hong Kong, and will continue to play an important 
role in the solid waste management by Hong Kong government in the foreseeable future. 
There are totally 16 closed and operating landfills in the territory at present. The 
environmental risks posed by the generated leachates must be carefully monitored. It is 
important to have a more thorough understanding on this highly polluting wastewater, 
both for the protection of our environment and improvement in the management of 
landfills in the future. 
Leachates from all the seven studied landfills, which covered a range of landfill 
age from 5 to 21 years (at the time of study), contained high concentrations of different 
major chemical pollutants. This illustrates the long lasting leachate problem that 
accompanies a landfill since the site is commissioned. The case may already be better in 
Hong Kong in view of the rapid waste degradation which can be seen from the early 
appearance of methanogenic characteristics and thus shorten the time for complete waste 
stabilization. This is probably attributed to the wet, hot tropical climate in Hong Kong 
which promotes bacterial activity. The pollution potential of leachates from operating 
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landfills was found to be much higher than those from closed landfills, as revealed by the 
elevated loading of various organic and inorganic parameters as well as the higher toxicity 
to the four tested organisms. The concentrations of various pollutants were found to vary 
closely with landfill age. This may be explained by the similar type of wastes being 
deposited in the landfills that fewer factors are affecting the leachate composition, making 
the effect of landfill age more dominant than the others. 
However, the difference in the leachate properties in SENT compared with the 
other two operating strategic landfills (WENT and NENT) did show the effect of waste 
type on leachate properties. The volume of C&D wastes dumped in SENT, both in 
percentage and absolute amount, is much higher than MSW which is the major type of 
wastes deposited in WENT and NENT. This provides information for the management of 
waste disposal in controlling the proportion of different type of wastes disposed of in the 
landfills. This may help in controlling the pollutant load in the generated leachate, which 
can be beneficial to its treatment and subsequent discharge. 
Leachates in Hong Kong, especially those from the closed landfills, did not show 
much seasonal variation in their chemical properties. This may be explained by the lower 
temperature, which in turn lowered the rate of biological degradation and thus less 
pollutant generation, in the dry season. The low pollutant generation limited the amount 
of pollutants to dissolve in the low water input. Thus little variation occurs when 
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compared with leachate produced in wet and hot season under higher biological activity 
produced is dissolved in a higher water input. 
Toxicity bioassays show the serious threat landfill leachate could pose on the 
aquatic ecosystem in a more realistic view. Leachate from site closed for more than 10 
years can still be toxic to the tested organisms, not to mention those from the operating 
landfills. Review of existing literature shows that landfill leachates in Hong Kong are 
more toxic, or at least comparable to those in other countries. The toxicity generally 
decreases as the landfill ages. The type of waste deposited also affects on the toxicity of 
leachate samples. 
Various tested organisms had different sensitivity towards landfill leachate. 
Protozoan Spirostomum ambiguum showed the highest sensitivity, followed by microalga 
Selenastrum capricornutum, microcmstacean Daphnia magna, with bacterium Vibrio 
fischeri (Microtox® test) being the least sensitive one. The correlation with the chemical 
parameters was different in the various bioassays. High correlation between V. fischeri 
with organic components, and that between COD, NHx-N and some inorganic compounds 
with the other three species were found. This implies the detection of different toxicants 
by different organisms, and demonstrates the importance and usefulness of employing 
multi-species in ecotoxicity studies. Simple correlation between chemical composition 
and toxicity was found inadequate in identifying the major toxicant(s) in landfill leachate. 
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This is because of the high correlation of many parameters, some of which seemed 
unreasonable, with the toxicity results. 
Ammoniacal-nitrogen and nonpolar organics were identified to be the major 
toxicants by TIE procedure using S. ambiguum and V. fischeri respectively. This 
demonstrates the importance of the use of more than one species in TIE studies. The 
different sensitivity of various organisms towards diverse substances helps to detect the 
presence of different toxicants present in the same complex environmental samples. A 
high toxicity is still observed in the leachate sample after CI8 SPE and zeolite treatment 
towards S. ambiguum. Further study is needed to completely identify all the potential 
toxicants present in landfill leachate. 
Toxicants other than NHx-N removed by zeolite treatment were toxic to V 
fischeri. Polar and ionic organics are suspected, but further investigation involving the 
fractionation of the suspected components for toxicity test is needed for confirmation. 
Since landfilling is still a major way of solid waste management both globally 
and locally in the near future, the potential impact by the highly toxic leachate needs 
more attention than they have received now, especially in countries where the landfills 
still lack proper engineering measures to reduce the impact and protect the environment. 
This is very important as leachate can migrate to groundwater, river and other water 
bodies which are important source of potable water. We have to note that the effect is 
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long term and the adverse effect can be chronic. Therefore, a well-designed monitoring 
programme is urgently needed to ensure the environmental impact caused by leachate is 
minimized even the landfills are built to meet a high environmental standard, since it 
cannot be 100% guaranteed that no leakage happens at the bottom of the sites after 
wastes are deposited even the sites are engineered with liners. 
Since all leachates are collected for treatment in Hong Kong, future studies may 
focus on their potential impact on biological wastewater treatment facilities. However, a 
major difficulty is the lack of ecologically relevant test organisms with well-established 
test procedure. Bioassays using microorganisms commonly found in biological 
treatment systems need to be developed to fulfill this purpose. Characterization of the 
xenobiotic organic compounds is another area that needs more attention as hundreds or 
even thousands of them are still unidentified yet can be carcinogenic and pose serious 
threat to our environment in the long term. Toxicity testing combined with fractionation 
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